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5 ABSTRACT 
 Dissimilar joints between two different materials find applications in a wide 
variety of industries. In the power generation industry, thousands of dissimilar metal 
welds (DMWs) are used to join ferritic low-alloy steels to austenitic stainless steels used 
for waterwall tubing in the superheater and reheater sections of each plant. It is widely 
known that these welds can be susceptible to failure at less than half of their design life. 
The high operating temperatures and thermal cycling during service in combination with 
thermal expansion mismatch, differences in chemistry, and hardness and strength 
gradients produced by carbon migration in the two steels, produce accelerated creep 
failures. In fact, premature failure of waterwall tubing is the leading cause of forced 
outages in power plants resulting in approximately $850,000 per day in lost revenue. 
 Functionally graded materials have potential for joining dissimilar materials in 
many applications. Building off of the concept of functionally graded materials (FGMs), 
a transition joint that gradually changes from “pure” austenitic stainless steel to “pure” 
ferritic low-alloy steel could replace the one dissimilar weld with two similar welds. By 
continuously grading the joint composition, the sharp changes in microstructure and 
properties of traditional DMWs would be extended over the whole length of the 
component, preventing many of the causes of premature failure. 
 In this work, models have been developed and utilized for designing functionally 
graded transition joints for joining ferritic and austenitic alloys. Finite element models 
were used to optimize the grade length and geometry of the transition joint in order to 
minimize stresses due to thermal expansion mismatch. Thermodynamic and kinetic 
models were employed to determine the length of grade needed to reduce chemical 
 2 
potential gradients and carbon migration. Results from the finite element simulations of a 
conventional dissimilar weld demonstrate that localized stresses as high as ~ 240 MPa 
can exist at 650˚C when a nominal tensile stress of ~ 32 MPa is applied. The high local 
stress is due primarily to CTE mismatch between the ferritic and austenitic alloys. 
Mechanical property mismatch between the two alloys plays a much smaller role.  
Similar FE model results from graded joints demonstrate that these local stresses can be 
reduced significantly to ~ 40 MPa for a 120 mm grade length that consists of at least 30 
layers within the transition zone. Thermo-Calc model results of the chemical potential of 
carbon in a T22-Alloy 800-347 graded transition show that the chemical potential 
gradient is steepest between the T22 and Alloy 800 and is due to the large differences in 
chromium content between the two materials. Results from kinetic simulations 
demonstrate that a 25 mm grade length should significantly reduce carbon migration at 
500˚C. Higher operating temperatures will require increased joint lengths to provide 
similar reductions in carbon migration. These results are useful for fabricating optimized 
graded transition joints to replace failure-prone dissimilar metal welds (DMWs) in the 
power generation industry.  
 These models are applied in fabricating graded transition joints for joining ferritic 
and austenitic alloys. A TIG welding system employing dual wire feeders was used to 
construct T22-800, T22-347, and T22-IN82 joints. All three joint combinations were 
characterized to determine compositional variation, microhardness profile, and 
microstructure evolution. Additionally, tensile tests were performed to evaluate the high 
temperature mechanical properties of the joints. In all cases, a smooth transition in 
composition was achieved over ~ 50 mm, an increase of three orders of magnitude 
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relative to traditional DMWs. Hardness peaks were observed in all joints, corresponding 
to the formation of martensite, as predicted by the Schaeffler diagram and confirmed 
through light optical microscopy. Tensile testing revealed that graded joints exhibit 
mechanical properties that closely match the nominal alloys between 20 – 650˚C. Tensile 
failure occurred in the section of the joint with the lowest tensile stress, which was seen 
to vary with temperature for T22-347 joints. In the case of T22-800 joints, solidification 
cracking in the austenite region was observed, and thus use of this joint combination is 
not recommended. Future work includes long-term creep testing to evaluate the service 
life of the graded joints compared to DMWs.  
 The use of functionally graded joints represents a novel solution to the problem of 
joining dissimilar materials. Overall, results indicate that a significant reduction in stress 
levels and sharp gradients seen in traditional DMWS, as well as an increase in service 
life, is possible. These graded joints should find applications in a wide range of 
industries, including replacement of failure-prone DMWs in the power generation 
industry. 
 4 
6 CHAPTER 1: REVIEW OF RELEVANT LITERATURE 
6.1  Introduction 
 In fossil fired power plants the temperature and pressure of the steam that is 
produced control the efficiency of the plant.[1] Therefore, the highest possible operating 
temperatures are desired to improve efficiency. The high temperatures, in combination 
with the steam pressures and corrosive environment, limit the materials that can be used 
for tubing. In the lower temperature regions of the plant, less expensive ferritic steels are 
used. However, in the superheater and reheater sections of the plant (Figure 1) the higher 
temperatures require the superior corrosion resistance and greater creep strength of more 
expensive austenitic stainless steels.  
Figure 1 shows a schematic diagram of the location of the superheater and 
reheater regions in a typical coal fired power plant, where the dissimilar metal welds are 
indicated by the arrow. These two different steels must be joined using a fusion welding 
process. In a typical power plant, there are thousands of these dissimilar metal welds 
(DMWs), which are frequently cycled between room temperature and 500˚C. In one 
study, after 20 years of service, dissimilar metal welds had undergone 342 cycles 
between 20˚ to 593˚C, as well as from 340˚ to 593˚C (340˚C = the idle temperature).[2]  
Unfortunately, due to differences in chemistry, thermal expansion, and creep 
strength, the DMWs are prone to premature failure. Failures occur after 15 to 20 years 
(131,400 to 175,200 hours) of service, which is shorter than the design life of 300,000 
hours for the tubing.[2,3] However, Lundin[4] reported that the shortest DMW failure times 
were as little as 29,000 hours, with a mean time of 80,000 hours. Premature failure of 
waterwall tubing is the leading cause of forced outages in coal-fired power plants 
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resulting in $250,000 - $850,000 per day in lost revenue.[5] Although operating conditions 
vary, steam in the boiler is usually at 540 to 565˚C (1005 to 1050˚F), with the metal 
piping at temperatures of 621 to 676˚C (1150 to 1200˚F), and stresses of 15 to 40MPa.[6-9] 
Dissimilar metal weld failures are due to multiple simultaneous metallurgical and 
mechanical factors, and thus each failure is different. However, DMW failures all exhibit 
many similarities, which are summarized and subsequently explained in more detail. 
The microstructure of DMWs in the as-welded condition consists of a sharp 
chemical concentration gradient across the fusion line that separates the ferritic and 
austenitic alloys. During fusion welding, the combination of the high alloy content of the 
austenitic filler metal and fast cooling rate produce a hard martensite band along the 
fusion line.[3,10,11]  High temperatures encountered during either post-weld heat treatment 
(PWHT) or service provide the activation energy for carbon diffusion to occur down the 
chemical potential gradient from the ferritic steel toward the austenitic alloy.[2,12-17]  This 
can lead to formation of a soft carbon denuded zone near the interface on the ferritic 
steel, and nucleation and growth of carbides on the austenitic side that have very high 
hardness. These large differences in microstructure and hardness occur over very short 
distances across the fusion line (~ 50 – 100 µm).[3,4,12]  A band of carbides also forms 
along the fusion line in the ferritic side of the joint.[14] The difference in hardness across 
the fusion line increases with increasing aging time due to nucleation and growth of the 
interfacial carbides.[12] At the same time, stresses develop in the DMW from the 
differences in creep strength[18-20] and thermal expansion coefficients of the steels.[8,21] As 
a consequence of the hardness and strength gradients, these stresses are concentrated in 
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the weak carbon-depleted zone, generating creep voids around carbides that lead to 
eventual creep rupture. [7,8] 
Due to the lower chromium content of the ferritic steel, it has a lower oxidation 
resistance than the austenitic steels.  Additionally, chromium carbides form in the grain 
boundaries of the ferritic material along the fusion line, causing localized chromium 
depletion in the matrix near the grain boundaries, further exacerbating the poor oxidation 
resistance and resulting in oxide notch formation. Repeated thermal cycling at elevated 
temperatures causes a crack to nucleate below the oxide notch. For DMWs made with 
stainless steel filler metals, cracking typically occurs along the prior austenite grain 
boundaries in the ferritic HAZ at a location of about one or two grains away from the 
fusion line. This can be seen in Figure 2, which shows a macroscopic crack growing from 
the bore of the weld, as well as microscopic creep cavities forming along the interface of 
the carbides near the fusion line. For DMWs using nickel based filler metals, Type I 
carbides form along the interface, providing a site for nucleation and growth of creep 
cavities that eventually lead to premature cracking, as seen in Figure 3. 
 Creep rupture data for DMWs demonstrates that a substantial reduction in creep 
life is expected compared to the minimum creep rupture life of 2.25Cr-1Mo base metal 
and welds, and this difference increases with continued high temperature exposure. High 
temperature aging can also reduce the toughness and ductility within the fusion zone of 
Ni base filler metal welds. 
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6.2 Hardness gradients 
 Klueh and King[3] report that chromium and nickel from austenitic filler metals 
diffuse into the 2.25Cr-1Mo ferritic steel, due to the ease of diffusion in the unmixed 
zone. The partial mixing in the liquid state results in a high hardenability leading to the 
formation of the martensite layer. However, Ornath et al.[22] found that the formation of 
the martensite layer near the weld interface was due to segregation and not diffusion 
across the interface, although this was not clearly demonstrated in their micrographs. 
Micrographs showing typical dissimilar metal welds with the martensite band appear in 
Figure 4, Figure 5, and Figure 6. The high alloy content from the diffusion increases the 
hardenability, leading to the formation of martensite. Microhardness results[12] (Figure 7 
and Figure 8) show that the HAZ and base metal have similar hardness, but the fusion 
line is harder than either of the base metals. The martensite, which forms due to 
destabilization of the austenite phase by the carbides and the low local Ac1 
temperature,[12]  and the high carbide concentration both lead to the hardness gradients in 
DMWs. The martensite layer occurs regardless of whether a stainless steel or Ni-based 
filler metal is used.[13] However, the hardness gradients can be reduced with a properly 
designed PWHT as shown by Laha et al.[14] For shielded metal arc (SMA) welding of 
2.25Cr-1Mo and Alloy 800 base metals with an Inco 182 filler metal, a PWHT of 1 hour 
at 700˚C reduced the microhardness from ~310HV to ~200HV, as shown in Figure 7. 
The gradient in hardness was removed, although the sharp, narrow spike in hardness at 
the fusion line between the 2.25Cr-1Mo and Inco 182 remained. 
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6.3 Concentration/activity gradients of carbon 
 Activity gradients are produced due to a difference in chemical potential, which 
arises from either concentration gradients or differences in solid solubility,[15] both of 
which are present in dissimilar metal welds. Activity is a measure of the tendency of an 
atom to leave a solution.[23] Low activity means an atom is likely to remain in solution. 
Christoffel and Curran[16] explain the concept of an activity gradient as “a difference in 
the energy absorbed or evolved by the addition of carbon atoms to two steels of different 
alloy content.” The energy difference creates the chemical potential driving force for the 
solute migration leading to microstructural, hardness, and strength variations in dissimilar 
metal welds.[2] Diffusion of the alloying elements, especially carbon, results in the 
formation of carbon-enriched and carbon-denuded zones. From the literature,[4,12,22] it is 
clear that the majority of DMW failures exhibit the carbon-depleted zone in the ferritic 
steel and the carbon-enriched zone in the stainless steel or Ni filler metal (see Figure 5 
and Figure 8). Even if an activity gradient is present, diffusion will not occur without 
sufficient activation energy,[15] which in this case is provided by either PWHT or service 
at elevated temperatures. In one example, carbon migration during PWHT at 690˚C for 
30 hours resulted in the carbon concentration in the austenitic stainless steel filler metal 
increasing from ~0.03wt% carbon before welding to 0.9wt% carbon after PWHT.[12] The 
sharp change in hardness between the base and filler metals from the carbon migration as 
seen in Figure 4 results in a loss of strength and reduction in creep resistance for the 
ferritic material, and increase in strength due to the precipitation of chromium carbides in 
the austenitic filler metal.[4]  
 9 
 If a difference in chemistry across an interface exists, carbon migration can occur 
even without a carbon concentration gradient, as shown in the Darken experiment.[24] The 
primary driving force for carbon migration is the alloy difference between the ferritic and 
austenitic steels,[16] specifically chromium. Generally, the austenitic filler metals contain 
~ five times as much chromium as the low alloy ferritic steel. Additionally, the changing 
chromium concentration, due to the removal of chromium from solution and the 
precipitation of chromium carbides, affects the solubility, and therefore the diffusion rate, 
of carbon.[14] 
 The data from Parker[8] show the carbon content in the 2.25Cr-1Mo ferritic base 
metal decreasing towards the fusion line, with a large spike in carbon concentration at the 
interface with the austenitic Ni-base weld metal, as seen in Figure 9. Additionally, the 
localized peaks in carbon concentration match local increases in Cr and decreases in Fe, 
indicating the formation of chromium carbides in the austenitic filler metal. For DMWs 
between two low alloy ferritic steels, almost complete decarburization is observed 
leading to the formation of ferrite grains. In ferritic-austenitic DMWs, there is typically 
much less decarburization.[16]  
 In 2.25Cr-1Mo ferritic steel, the intragranular acicular shaped Mo2C carbides are 
what impart the high temperature creep strength to the steel.[25] Both Roy[25] and Laha[14] 
reported dissolution of Mo2C in the ferritic steel, which in combination with the 
decarburization severely lowers the creep strength of the material.  
 Due to the carbon migration and subsequent dissolution of carbides in the ferritic 
steel, the ferrite grains become carbide-free, allowing the grains to coarsen, since the 
carbides are no longer present to pin the grain boundaries.[13] Several different carbides 
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have been observed in TEM micrographs in the heat-affected zone (HAZ) of DMWs, 
including M7C3, M6C, M2C, MC and M23C6 (Figure 10).[2] Eventually, the carbides on the 
ferritic side of the fusion line dissolve, and the carbon goes from the carbide in the ferrite 
over to the austenite, leading to the formation of the carbon-depleted zone. 
  Two distinct carbide morphologies can be seen in DMWs during aging.[2,7,26-29]  
Type I carbides are most frequently observed, forming approximately one micron from 
the fusion line in the HAZ of the ferritic steel. These carbides initially have a spherical 
shape, but gradually form a lenticular morphology and can eventually grow and coalesce 
into rows of continuous or semi-continuous carbides. Examples of this morphological 
change are shown by the photomicrographs in Figure 3a (aged at 625˚C for 2,000 hours) 
and Figure 3b (aged at 625˚C for 6,000 hours). The Type II carbides generally form as a 
wide band and are associated with the martensite region that forms within the PMZ. 
 The carbon that has migrated into the austenitic material sets up a concentration 
gradient that extends from the fusion line (high C) into the austenitic fusion zone (low C). 
This concentration gradient promotes further diffusion away from the fusion line and into 
the austenitic material.[16] As carbon migrates to the high alloy side of the fusion line, the 
carbon concentration increases up until the solubility limit. Once the solubility limit is 
reached, carbide precipitation will occur.[16] Precipitation of M23C6 and M7C3 on the 
austenitic side of the fusion line has been commonly observed.[14] At the same time, the 
carbon that has left the ferritic base metal creates another carbon concentration gradient 
on the ferritic side of the dissimilar joint, resulting in a carbon concentration gradient 
from the base metal (high C) towards the fusion line (low C).[16] The two carbon 
concentration gradients result in differing amounts of carbon migration because the 
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diffusion rates of carbon are lower in the face-centered cubic (FCC) austenitic steel 
compared to the more open structure of the body-centered cubic (BCC) ferritic steel. 
Carbon diffuses 5-10 times faster and has a lower solubility in ferrite compared to 
austenite at a given temperature.[4] The rate controlling parameter for carbon migration is 
diffusion in the austenitic (either stainless steel or nickel) filler metal, or the rate of 
carbide formation in the austenitic material once the solubility limit is reached.[4] From 
Parker,[8] there is a reduction in carbon concentration in the ferritic low alloy steel at the 
interface with the Ni filer metal, but the carbon loss is offset by diffusion of carbon from 
the bulk ferritic steel towards the fusion line. Because this diffusion in the ferritic steel 
occurs faster than the diffusion away from the fusion line in the austenitic filler metal, 
less decarburization will be observed compared to ferritic-ferritic DMWs. Instead, a 
carburized band in the austenitic material will be observed. However, Christoffel and 
Curran[16] demonstrated that the higher concentrations of carbide formers, and not the 
difference in atomic structure, provide the driving force for carbon migration. Testing of 
austenitic-ferritic steel DMWs resulted in the formation of decarburized and carburized 
bands in the ferritic and austenitic materials, respectively, indicating carbon migration. 
But when testing a weld consisting of 96%Ni welded to 1Cr-1Mo steel, no carbon 
migration was observed. Assuming that the nickel has the same FCC crystal structure as 
the austenitic steel and is not a strong carbide former, this demonstrates that it is the 
presence of the carbide forming elements (Cr, Mo) in the austenitic steel and not the 
change from the BCC to FCC crystal structure that drives carbon migration. Additionally, 
experiments were performed on CoCr-A welded to either 1Cr-1Mo or 347 stainless steel, 
where the carbon concentration of the CoCr-A is greater than the carbon concentrations 
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of the 1Cr-1Mo and 347. The alloy content of the CoCr-A is much higher than that of the 
1Cr-1Mo, and the carbon migration occurred against the carbon concentration gradient, 
due to the high alloy content of the CoCr-A. In the 347 weld, however, the alloy content 
of 347 is comparable to that of CoCr-A, and in this case the carbon migration occurred in 
the direction of the carbon concentration gradient, from the CoCr-A to the 347 stainless. 
This again demonstrates that it is the alloy content, and not the carbon concentration, that 
is responsible for the carbon migration seen in DMWs. As carbon migration occurs, the 
width of the decarburized zone increases non-linearly (for ferritic-ferritic DMWs), 
producing a decrease in the diffusion coefficient and subsequent decrease in the carbon 
concentration gradient.[15,30] The decrease in the diffusion coefficient with time at 
elevated temperatures is attributed by Eckel[15] to an increase in the width of the 
decarburized band and corresponding decrease in the carbon concentration gradient and a 
change in the solubility of the ferrite and austenite phases due to diffusion of Cr and Ni 
from austenite to ferrite, and the precipitation of carbides in the austenite. 
 The chemistry of the metals used has a strong influence on the width of the 
decarburized band in the ferritic steel. Gittos and Gooch[12] observed that carbon 
migration, carbide precipitation, and accompanying decarburization occurred after 
PWHT of welds made with stainless steel filler metals. However, no decarburized zone 
was found when nickel-alloy filler metals were used. Christoffel and Curran[16] showed 
that increasing the chromium content of the high-alloy ferritic material from 0.5wt% to 
14wt% while keeping the composition of the low-alloy ferritic material constant resulted 
in an increase of the width of the decarburized band from 0.5mm to 5.5mm. In other 
words, increasing the difference in chromium content between the two steels promotes 
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carbon migration by increasing the driving force. Chromium reduces the activity of 
carbon in ferrite and lowers the diffusion rate of carbon in austenite.[14,15] However, for 
chromium concentrations greater than 5wt% Cr, there is no significant difference in 
carbon migration.[16] Sireesha et al.[13] found that the tendency for carbon diffusion from 
the ferritic steel to the weld metal was lower for a 9Cr-1Mo steel compared to the 
traditional 2.25Cr-1Mo steel, demonstrating that the higher chromium content reduces 
carbon activity in the ferritic steel.   
 Albert et al.[31] propose minimization of the carbon activity gradient as a solution 
to the problem of carbon migration and soft zone formation in dissimilar metal welds. In 
theory, this could be done through control of the chemistry, especially the chromium and 
carbon contents, of both steels. The propensity for carbon migration is reduced by lower 
carbon and higher chromium contents in the ferritic steel, as well as the addition of strong 
carbide formers such as niobium and vanadium, which tie up the carbon as carbides and 
prevent it from diffusing away.[4,13] 
6.4 Creep strength and CTE mismatch 
 One of the root causes of failure is a mismatch in the coefficient of thermal 
expansion (CTE) between the ferritic steel and the austenitic stainless steel.  Austenitic 
stainless steels have a coefficient of thermal expansion approximately 40% higher than 
the ferritic steels they are welded to.  The differing expansions will induce a shear stress, 
which is maximized in the region of the heat-affected zone (HAZ) - weld metal 
interface.[8] The thermal stresses generated from the CTE mismatch are created from the 
numerous start-ups and shutdowns that occur in the lifetime of a power plant.[32] The 
number of thermal cycles varies for each plant and controls the failure mechanism. 
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 Differences in creep strength have also been linked to failure of DMWs.  The 
austenitic stainless steel can have a creep strength 2-3 times higher than the ferritic 
steel.[33,34] The weaknesses of DMWs are due to the triaxial stress state generated at 
interfaces where the weld metal prohibits contraction of the cross sectional area.[20] In 
particular, grain boundaries are one interface where creep cavitation has been found to 
start.  The cavitation begins at the grain boundary triple points due to the sliding of the 
grain boundaries, leading to stress concentrations.  Creep cavities continue to increase in 
number, weakening the material in the HAZ adjacent to the weld metal.  Eventually a 
threshold is reached, in which the combination of thermal and axial stresses will cause 
the creep microcracks to link up and form a circumferential microcrack.[8] Newer DMWs 
are welded with a nickel-base filler metal because its creep strength and CTE are 
intermediate between the ferritic steel and the austenitic steel.  However, these joints still 
fail from cracks which nucleate and propagate along carbide particles in the ferritic 
steel/weld metal fusion boundary.[13] 
 Load shedding is another common occurrence between two materials with vastly 
different creep strengths.  During welding, stresses are redistributed from the lower to the 
higher creep strength material.[8] Since the load is redistributed to the austenitic material, 
the ferritic material accommodates most of the creep strains, which are confined to the 
ferritic component only.[20]  This is confirmed by other researchers who have found that 
long term creep failure coupled with hardness reduction (due to carbon migration) has an 
influence on failure in the soft zone of the HAZ where all the strain is concentrated.[1] 
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6.5 Creep Failure of DMWs 
 Since DMW failure is ultimately a creep-rupture process, numerous studies have 
attempted to develop creep rupture data on DMWs in order to determine the effective 
service life for the parameters of stress, temperature, and environment. Developing this 
data can be difficult because a balance must be achieved between testing times that are 
short enough to obtain the necessary data while also accurately simulating service 
conditions. Often creep tests that are conducted at stresses significantly higher than those 
expected in service result in short failure times in which the microstructure partially 
responsible for failure does not have enough time to properly develop. 
 DuPont[35] has performed an extensive review of DMW creep data, and 
determined that creep tests must be performed at low stresses and longer times in order to 
produce failure modes that match those in service. The difference in critical stress level 
required to replicate service failures was found to depend on the condition of the weld. 
Stress levels ≤ 50 MPa were needed to simulate service failures in aged welds, while 
stress levels ≤ 80 MPa produced service-type failures in new (un-aged) welds. This 
difference can be attributed to the tempering effect that the aging treatment has on the 
2.25Cr-1Mo steel. Thus, the higher stress levels produce considerable creep deformation 
in the aged ferritic steel to the point where failure occurs by plastic deformation 
associated with necking. In the new samples, the creep strength of 2.25Cr-1Mo steel is 
higher so that deformation and failure are localized along the interfacial region. Thus, 
applied stress levels below 50 - 80 MPa should be included in future creep tests in order 
to simulate service-type failures. 
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6.6 Description of potential DMW solutions (and associated problems) 
6.6.1 Intermediate CTE material – Ni filler metal 
 Using austenitic Ni-based filler metal reduces the CTE mismatch between the 
austenitic and ferritic steels, and transfers the thermal expansion stresses from the ferritic-
austenitic joint to the austenitic-austenitic joint. The higher oxidation and creep resistance 
of the austenitic metals are better able to withstand the cyclic stress without 
deteriorating.[21] Ni filler metals are often used because of the CTE (15x10-6/K) which is 
close to that of ferritic steels (14x10-6/K) and the low affinity for carbon which reduces 
carbon diffusion over the service life of the weld.[36] The Ni fillers can improve the weld 
lifetime by a factor of five compared to austenitic filler metals.[36] However, the same 
trends have been observed[2] in the cracking of stainless steel and Ni-based filler metal 
welds: cracking begins at the oxide notch, leading to intergranular microcracks which 
propagate in the ferritic steel along the fusion line. The crack orientation indicates that 
the CTE and creep resistance mismatch are still problems even when using the Ni filler 
metal.[9]  
 In Eckel’s[15] study on diffusion in dissimilar metal joints, adding a nickel barrier 
between SA 212 steel and 304 stainless steel reduced, but did not stop, carbon diffusion. 
The activity gradient allowed carbon to diffuse through the nickel layer into the austenitic 
stainless steel. Carbon migration still occurs in welds made using Ni-based filler metals, 
as shown by a dark-etching layer. However, the Ni-filler welds have the narrowest 
martensite bands, and no decarburized zone appears in the heat-affected zone.[12] Parker 
and Stratford[29] claim that nickel filler metals have a lower carbon activity compared to 
austenitic stainless steels, and therefore the carbon migration is reduced for nickel fillers. 
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This could be a result of the low solubility and low diffusion coefficient of carbon in 
nickel-base filler metals.[37] In general, the advantages of using Ni-base filler metals due 
to the intermediate CTE and lower carbon migration have resulted in their use in most  
current DMW applications. 
6.6.2 Preventing oxidation and oxide notch formation 
 While coating or otherwise attempting to protect the weld from oxygen attack is a 
good idea in principle, in practice it has been found that the cyclic stresses and CTE 
mismatch cause the coatings to crack, allowing the oxidation notch to form and the 
failure to proceed as it normally would.[21] However, when using an 80Ni20Cr coating, 
the coating did not crack, since the CTE of the high nickel coating falls between the CTE 
of the stainless and ferritic steels. While not a permanent solution, this nickel-based 
coating could be used in emergencies.[21] 
 Oxide notch formation can also be reduced by adjusting the chemistry of the 
ferritic steel to increase the chromium content compared 2.25Cr-1Mo steel.[3] 
6.6.3 Weld Joint Design 
 King et al.[9] performed a stress analysis on DMWs, and determined that a small 
angle V-groove joint geometry was better than joints with large angles. A 14% decrease 
in the hoop stress and 37% decrease in the maximum shear stress in the alloy 800H that 
was tested were observed as the groove angle of the weld was changed from 90 to 30 
degrees.[9] Lundin[4] reports that buttering of the weld successfully limits carbon 
migration. 
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6.6.4 Trimetallic joints 
 Separating the carbon and stainless steels by another material of intermediate 
thermal expansion or creep strength could reduce the stresses at the DMW interface, 
prevent the formation of hardness gradients and carbon-depleted zones, and increase 
service life. A schematic diagram of a trimetallic joint is shown in Figure 11. Several 
nickel base alloys, notably Inco Alloy 800/800H, have a CTE intermediate between the 
two steels and appear to be suitable candidates. Studies on trimetallic joints done by 
Bhadhuri et al.,[32] King et al.,[9] and Parker and Stratford[29] have shown a four-fold 
increase in the lifetime and a 38% reduction in stress compared to a traditional DMW. 
Unfortunately, however, the microstructural and property differences between the three 
alloys still result in conditions that can lead to premature failure. 
6.6.5 Graded joints 
 If the problems associated with trimetallic joints could be solved, an effective 
solution to the problem of DMW failures could be produced. Building on the idea of the 
trimetallic joint, graded joints would replace the spool piece of a single composition with 
a component whose composition varies continuously along its length. This is 
schematically shown in Figure 12, where the graded joint smoothly transitions from the 
ferritic steel composition to the stainless steel composition. By continuously grading the 
composition, the sharp changes in both composition and properties of traditional DMWs 
would be extended over the whole length of the component, eliminating many of the 
factors leading to failure. Ideally, this functionally graded transition joint would change 
from pure stainless steel to pure carbon steel, allowing two similar welds to replace the 
one dissimilar weld. 
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6.7 Description of Functionally Graded Materials (FGMs) 
 Many engineering structures and components today have service conditions that 
require materials with properties that vary in different locations.[38,39] A functionally 
graded material, or FGM, is a composite material engineered to take advantage of the 
beneficial properties of at least two different phases whose composition changes in some 
spatial direction.[40] FGMs are designed to eliminate abrupt changes in composition or 
properties that can act as sites for stress concentration, leading to premature failure.[38] 
Since the thermophysical properties of a material are strongly microstructure dependent, 
and because of the composition gradient in FGMs and the resulting inhomogeneity in 
microstructure, a useful variation in properties should be expected.[40] Applications of 
FGMs range from thermal-barrier coatings for engine components to thin-films for 
microelectronics.[41] One of the most common FGM examples is a material that is a pure 
ceramic with superior heat resistance at one end, which gradually changes to a pure 
metal, with superior mechanical properties, at the other end. The original and most 
widespread FGM, however, is steel, where differences in microstructures and hardness 
are produced through heat treatments and carburization/case hardening to improve the 
properties for a specific application.[38]  
 Kieback et al.[42] identify two primary steps in the fabrication of FGMs: gradation, 
where the spatially inhomogeneous structure is built, followed by consolidation, where 
the component is changed into a fully dense bulk material. Depending on the fabrication 
technique used, such as direct laser deposition, both of these steps can be done 
simultaneously. During the consolidation step, the process must be carefully selected and 
controlled to ensure that the gradient is not eliminated.[42] The production of functionally 
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graded materials has been broadly split into two categories: constructive processes and 
transport based processes.[38] Constructive processes include powder metallurgy and 
reactive sintering, plasma spraying, and vapor deposition. Gradients are created in the 
constructive process by stacking two or more different materials in layers, while the 
transport based processes rely on natural transport phenomena, such as diffusion and 
thermal conductivity, to produce the desired compositional changes.[38]  
 A distinction must be made between a “stepped” material and a “continuously 
graded” material. A stepped material consists of a series of discrete layers stacked in 
sequence, such that there exist interfaces between each layer. In a continuously graded 
material individual layers cannot be distinguished within the component, and thus there 
are no interfaces. One of the primary concerns in the production of FGMs is the relative 
thickness of the transition layer.[43] While the stepped material is often both more 
practical and more economical,[42] the problems associated with layer thickness and sharp 
interfaces may still be present. The ideal solution is a continuous grade,[44] which is 
generated by homogenizing transport processes.[42] However, the type of gradient 
developed by transport processes is more limited than what can be made using 
constitutive stepped processes. Additionally, transport-based phenomena can 
unintentionally undo the gradients produced with constructive techniques; therefore, 
processing times need to be as short as possible.[38]  
 While important for all materials, the processing-structure-property relationship 
familiar to materials scientists is especially important in designing functionally graded 
materials. Ilschner[44] focuses on this relationship for FGMs, and concludes that the 
practicality of making graded components is much more difficult than just modeling the 
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optimum composition and property profiles. One of the difficulties in designing graded 
materials is that while properties such as number of cycles to failure may be defined for 
the whole component, it is difficult to pinpoint how this property depends on the local 
variations in composition.[44] Design of FGMs requires a balance between the minimum 
required material properties and the composition “gradient” that enhances the material’s 
performance[40] while also maintaining other considerations (such as cost) at acceptable 
levels.[45] One major problem in designing a FGM is optimizing the change in 
composition over the length of the material.[40] Mismatches in physical properties 
between different layers in FGMs can result in residual stresses and strains leading to 
cracking if the materials, component geometry, and gradient have not been carefully 
selected.[41] Another problem is accurately predicting the behavior of the FGM with a 
given composition gradient during both its fabrication and while in service.[40] This is 
best achieved through computer modeling and simulation. 
 The design, processing, and performance of FGMs as well as microstructure-
dependent properties can both be modeled.[40] Future modeling work may included the 
use of advanced techniques, such as neural networks.[40] Once a model is built, it is easy 
to adjust the composition profile or phases present and evaluate the effects of the 
changes. Robust models must include both design and in-service performance 
evaluations. A cyclic approach should be used, where the results of in-service models are 
fed back into the design models, leading to improved properties. The amount of 
microstructural information needed to sufficiently describe the properties must be 
balanced with the practicality of the model.[40] Modeling can help in establishing the 
desired gradient, maintaining process control during fabrication to ensure that the 
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gradient is achieved, and minimizing or avoiding problems such as cracking.[42] A 
combination of models for physical properties with finite element analysis of edge effects 
provides the information needed to design the optimal microstructure and property 
gradients.[41] Several papers[45,46] describe the “rule of mixtures” approximation that is 
typically incorporated into a FGM model for prediction of mechanical properties based 
on the relative amounts of each of the phases present. 
 In a functionally graded DMW transition joint, the microstructure would be 
modeled as either an aggregated grain structure or a percolation-like cluster structure.[40] 
The directionality, irregularity, connectivity, and other topological aspects of the 
microstructure must be considered in the model. Functionally graded steels have been 
produced by a number of different research groups. Mohandesi et al.[47,48] have used 
transport processes, specifically diffusion of alloying elements, to produce functionally 
graded steels with layers of ferrite, austenite, bainite, and martensite. Coco et al.[49] 
created graded Fe-C and Fe-Mn-C steels by partial decarburization. While these 
techniques appear to work well for low-alloy and carbon steels, compositional control of 
high alloy steels and other alloys requires other methods. 
 A proven method for the production of functionally graded alloys is “laser 
cladding”, which involves using a powder feeder system combined with a laser to melt 
metal powders together to produce a graded material. It is a constructive solid free form 
fabrication process, where the metal powders are fed into the melt pool and deposited in 
layers.[38] Dual co-axial powder feeders allow for the feed rates to be varied, making it 
easy to produce compositional gradients. Numerous papers have been published detailing 
FGM alloys produced using laser cladding, including: Lin et al.[50,51] studied the 
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fabrication of graded Ti6Al4V-Rene88DT and 316 stainless steel-Rene88DT alloys, 
Domack and Baughman[52] produced a Ni-Ti graded component using laser direct metal 
deposition, Collins et al.[53] developed titanium-vanadium and titanium-molybdenum 
compositionally graded alloys, and Liu and DuPont[39] built titanium-titanium carbide 
FGMs. The well-established Laser Engineered Net Shaping (LENS) laser cladding 
process is well suited to producing a functionally graded transition joint capable of 
preventing dissimilar metal weld failures. A preliminary study by Farren, DuPont, and 
Noecker[54] demonstrated that a FGM which transitioned from carbon to stainless steel 
could be built with the LENS. The FGM component exhibited a gradual change in 
microstructure and hardness with the exception of one hardness spike, indicating that 
with further refinement the deleterious martensite formation and hardness gradients in 
DMWs can be eliminated. By combining the intermediate thermal expansion properties 
of Alloy 800 as shown in the studies of trimetallic joints with the benefits of the graded 
composition shown in the preliminary study, the current research is focused on producing 
the joint design shown in Figure 13. The composition will be graded from the ferritic 
2.25Cr-1Mo steel to the Alloy 800, and then from the Alloy 800 to the 347 stainless steel 
composition. Using FE, thermodynamic, and kinetic modeling, the composition and 
property gradients will be developed to eliminate the CTE and creep strength mismatch 
stresses and reduce carbon migration seen in traditional DMWs. The feasibility of the 
graded transition joints will be evaluated in service at PPL power plants, so that 
refinements in the processing of the FGMs can result in the best solution to the problem 
of dissimilar metal welding. 
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7 CHAPTER 2: DESIGN AND MODELING OF GRADED JOINTS 
7.1 Abstract 
 Functionally graded materials have potential for joining dissimilar materials in 
many applications. In this work, models have been developed and utilized for designing 
functionally graded transition joints for joining ferritic and austenitic alloys. Finite 
element models were used to optimize the grade length and geometry of the transition 
joint in order to minimize stresses due to thermal expansion mismatch. Thermodynamic 
and kinetic models were used to determine the length of grade needed to reduce chemical 
potential gradients and carbon migration. Results from the finite element simulations of a 
conventional dissimilar weld demonstrate that localized stresses as high as ~ 240 MPa 
can exist at 650˚C when a nominal tensile stress of ~ 32 MPa is applied. The high local 
stress is due primarily to CTE mismatch between the ferritic and austenitic alloys. 
Mechanical property mismatch between the two alloys plays a much smaller role.  
Similar FE model results from graded joints demonstrate that these local stresses can be 
reduced significantly to ~ 40 MPa for a 120 mm grade length that consists of at least 30 
layers within the transition zone. Thermo-Calc model results of the chemical potential of 
carbon in a T22-Alloy 800-347 graded transition show that the chemical potential 
gradient is steepest between the T22 and Alloy 800, and is due to the large differences in 
chromium content between the two materials. Results from kinetic simulations 
demonstrate that a 25 mm grade length should significantly reduce carbon migration at 
500˚C. Higher operating temperatures will require increased joint lengths to provide 
similar reductions in carbon migration. These results are useful for fabricating optimized 
graded transition joints to replace failure-prone dissimilar metal welds (DMWs) in the 
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power generation industry. Microstructrual characterization and mechanical property 
results of the transition joints are reported in the next chapter. 
7.2 Introduction 
 Many engineering components today have service conditions which require that 
the properties vary with position.[38] Differing stresses, temperatures, and environments 
necessitate a range of material properties that cannot often be achieved in a component 
with a single composition. One solution is to replace these components with functionally 
graded materials, or FGMs, which are composite materials engineered with different 
phases whose composition changes gradually with position.[40] In FGMs abrupt changes 
in composition or properties that can act as stress concentrations are eliminated, 
decreasing the possibility of failure.[38] Unfortunately, graded materials are not regularly 
integrated into industrial components because the design and manufacturing processes 
include many unresolved challenges. In terms of design, optimization routines must be 
developed to identify the gradient in properties that provides superior component 
performance for a given set of service conditions. The component then needs to be 
manufactured correctly to produce the microstructural gradient leading to the 
predetermined property gradient. 
 FGMs can also be useful for joining of dissimilar alloys that have large 
differences in thermal and mechanical properties. For example, dissimilar metal welds 
(DMWs) between ferritic low-alloy steels and austenitic alloys are commonly used in 
fossil-fired power plants. The less expensive low-alloy steels are used in the low 
temperature regions of the plant, while the higher temperatures in the superheater regions 
require the superior corrosion resistance and greater creep strength of more expensive 
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austenitic alloys. A typical power plant can contain thousands of DMWs. The DMWs are 
prone to premature failure due to sharp gradients in chemical composition, thermal 
expansion, and creep strength between the two alloys.[2,3] Premature failure of these 
DMWs  can result in forced plant outages that can cost a power company up to $850,000 
per day in lost revenue.[5] A transition joint that gradually changes from the “pure” 
austenitic alloy to the “pure” ferritic steel could replace the one dissimilar weld with two 
similar welds. By continuously grading the joint composition, the sharp changes in 
microstructure and properties of traditional DMWs would be eliminated, thus improving 
the high temperature performance.   
 The different microstructures of DMWs in the as-welded condition are due to a 
sharp chemical concentration gradient across the fusion line that separates the ferritic and 
austenitic alloys. During fusion welding, the combination of the high alloy content of the 
austenitic filler metal and fast cooling rate produce a hard martensite band along the 
fusion line.[3,10,11] The partial mixing in the liquid state results in a high hardenability 
leading to the formation of the martensite layer[3]. Microhardness results[12] show that the 
HAZ and base metal have similar hardness, but the fusion line is harder than either of the 
base metals. The martensite and the high carbide concentration both lead to the hardness 
gradients in DMWs. The martensite layer occurs regardless of whether a stainless steel or 
Ni-based filler metal is used.[13] However, the hardness gradients can be reduced with a 
properly designed PWHT as shown by Laha et al.[14]  
 High temperatures encountered during either post-weld heat treatment (PWHT) or 
service provide the activation energy for carbon diffusion to occur down the chemical 
potential gradient from the ferritic steel toward the austenitic alloy, leading to formation 
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of carbon enriched and depleted zones, as well as nucleation and growth of carbides on 
the austenitic side that have very high hardness.[2,12-17] The chemical potential gradient 
arises from either concentration gradients or differences in solid solubility,[15] both of 
which are present in dissimilar metal welds. Diffusion of carbon results in the formation 
of carbon-enriched and carbon-denuded zones. From the literature,[4,8,12,16,22] the majority 
of DMW failures exhibit the carbon-depleted zone in the ferritic steel and the carbon-
enriched zone in the stainless steel or Ni filler metal.[12,17] 
 The primary driving force for carbon migration is the alloy difference between the 
ferritic and austenitic steels,[16] specifically chromium. Generally, the austenitic filler 
metals contain ~ five times as much chromium as the low alloy ferritic steel. 
Additionally, the changing chromium concentration, due to the removal of chromium 
from solution and the precipitation of chromium carbides, affects the solubility, and 
therefore the diffusion rate, of carbon.[14] 
 The carbon that has migrated into the austenitic material sets up a concentration 
gradient that extends from the fusion line (high C) into the austenitic fusion zone (low C). 
This concentration gradient promotes further diffusion away from the fusion line and into 
the austenitic material.[16] As carbon migrates to the high alloy side of the fusion line, the 
carbon concentration increases up until the solubility limit. Once the solubility limit is 
reached, carbide precipitation will occur.[16] Precipitation of M23C6 and M7C3 on the 
austenitic side of the fusion line has been commonly observed.[14] The difference in 
hardness across the fusion line increases with increasing aging time due to nucleation and 
growth of the interfacial carbides.  
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 These large differences in microstructure and hardness occur over very short 
distances across the fusion line (~ 50 – 100 µm).[3,4,12] At the same time, stresses develop 
in the DMW from the differences in creep strength and thermal expansion coefficients of 
the steels. Austenitic stainless steels have a coefficient of thermal expansion 
approximately 40% higher than the ferritic steels they are welded to.  The differing 
expansions will induce a shear stress, which is maximized in the region of the heat-
affected zone (HAZ) - weld metal interface.[8] The thermal stresses generated from the 
CTE mismatch are created from the numerous start-ups and shutdowns that occur in the 
lifetime of a power plant.[32] The number of thermal cycles varies for each plant and 
controls the failure mechanism. Additionally, austenitic stainless steel can have creep 
strength 2-3 times higher than ferritic steel.[18-20] As a consequence of the hardness and 
strength gradients, these stresses are concentrated in the weak carbon-depleted zone, 
generating creep voids around carbides that lead to eventual creep rupture.[7,8] 
 It is important to note that microstructural changes due to carbon diffusion, 
combined with high localized stresses due to CTE mismatch, are primary factors that 
contribute to premature failure of DMWs. Each of these factors can be significantly 
minimized with graded transition joints. This chapter describes the development and use 
of models to determine the optimal gradients in composition and geometry for design of 
graded transition joints that can be used for joining ferritic alloys to austenitic alloys. 
Finite element models are used to optimize the grade length and geometry in order to 
minimize stresses due to thermal expansion mismatch, while thermodynamic and kinetic 
models are used to identify grade lengths needed to reduce chemical potential gradients 
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and carbon migration. The next chapter provides results on the fabrication and 
characterization of the transition joints. 
7.3 Procedure 
7.3.1 Stress Analysis 
 Stress analysis was first conducted on a conventional DMW design commonly 
used in fossil fired power plants. These results served as a baseline in order to assess the 
effectiveness of a graded transition joint for minimizing stresses due to CTE mismatch. 
The DMW design is shown in Figure 14. Figure 14a shows an actual (new) DMW that is 
commonly used in power plants. The CAD file and dimensions of the DMW are shown in 
Figure 14b and Figure 14c.  The joint is approximately 160 mm in length and joins a 
section of ASTM A213 T22 (2.25Cr-1Mo) steel with a section of AISI 347H (18Cr-
12Ni-Nb) stainless steel. The two sections of tube vary in both their inner and outer 
diameters. The stainless section has an ID of 25.8 mm and OD of 38.1 mm, while the 
low-alloy steel section has an ID of 19.7 mm and an OD of 44.5 mm. The weld was made 
with alloy 800. High temperature material property data for the alloy 800, T22 low-alloy 
ferritic steel, and 347 stainless steel was found in the literature and implemented in the 
model. The nominal compositions of these alloys can be found in Table 1. As a first 
approximation, the mechanical properties of the graded region were modeled as a linear 
interpolation between the three known materials. 
 Finite Element (FE) models of the conventional DMW and graded transition 
joints were created using the Ansys finite element software (version 11.0) to determine 
the Von Mises stress distribution in the joints. The joints were assumed to be stress free 
at 0˚C. Residual stresses from welding were ignored. The joints were assumed to be 
 30 
operating at 650˚C, and the stress from the weight of the tubes was simulated by 
application of a 20,000N tensile load to one end while holding the other end fixed.  The 
rotational symmetry allowed a 2D model to be made for the 3D geometry. The hatch 
marked face in Figure 14b shows the shape of the actual FE model. The sizes of the two 
tubes on either side of the joint were fixed for this optimization. A joint composed of a 
single homogeneous material of T22 steel with identical geometry to the DMW joint was 
also chosen for stress analysis in order to separate the effects of changes in geometry and 
materials on the resultant stress distribution.  
 Stress distributions in the graded joints were determined by modeling the system 
as a layered structure. In this case, the joint is made up of a series of layers in which the 
properties within each layer are constant, but the properties vary continuously from layer-
to-layer within the joint. A reduction of the layer width (which is analogous to an 
increase in the number of layers within the joint) has the effect of smoothing out the 
mismatch in material properties and thus reducing the stress. This approach is justified 
based on the expected features of actual transition joints that have recently been 
fabricated by dual wire gas tungsten arc welding[55] in which the composition (and 
therefore properties) of each layer within the joint are constant. As shown by the results 
in the next section, this also permits stress minimization by control of the layer width. 
 For the graded transition joints, the Optrix program[56] was used to minimize the 
Von Mises stress within the joint. Optrix is an optimization platform capable of locating a 
minimum to a problem by observing how design variables affect an objective function. In 
this case, the design variables were the number of material layers and physical 
dimensions of the joint. The objective function for this case is the maximum Von Mises 
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stress within the joint. Optrix begins by slightly perturbing each design variable to 
determine its influence on the output (in this case, the Von Mises stress), essentially 
finding approximations for the first derivative of the objective function with respect to 
the design variables. Based on the values of the objective function and their derivatives, 
an approximate optimization problem is formulated and solved. The design variables are 
then updated and the new joint is analyzed. This continues iteratively until there is 
essentially no change in the objective function. The number of iterations required for 
convergence in this work varied between three and 15. The converged solution is not 
guaranteed to be a global optimum. However, in all cases the optimization greatly 
reduced the maximum Von Mises stress in the joint relative to the original DMW.  
 Physical constraints were imposed on the transition joint geometry in order to 
produce practical results. First, the cross sections at each end of the optimized joint 
matched those of the ends of the DMW. Second, the inner diameter was held constant at 
the smaller of the two inner diameters of the DMW (19.7 mm) in order to avoid flow 
restriction in the tube. Third, the outer diameter could not be increased beyond 44.5 mm, 
the largest size in the DMW joint. Last, the length of the entire transition joint was held 
constant at 120 mm. These constraints essentially ensure that at any location where a 
DMW joint of this type is presently used, a graded transition joint could be installed 
without significant modification to the existing tubes. 
7.3.2 Carbon Diffusion Modeling 
 Thermo-Calc thermodynamic software[57] with the TCFE5 database was utilized 
to model the chemical potential gradient of carbon across the graded joints.[6-9] A linear 
composition profile was assumed in grading between the three alloys. Calculations were 
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performed at 10 equally spaced intervals along the graded joint, where the composition at 
point 1 was the nominal T22 composition, point 5 was the nominal alloy 800 
composition, point 10 was the nominal 347 composition, and all other points were a 
mixed composition based on the linear grading. Additionally, the Cr composition was 
hypothetically adjusted to determine the effect of Cr composition on the carbon chemical 
potential gradient. 
 Carbon diffusion as a function of time and temperature was modeled using 
DICTRA kinetics software.[58] The model used here is similar to that described in the 
literature.[59,60]  The system was modeled with FCC as a continuous matrix phase and 
BCC, M23C6, M7C3, and sigma phases as second phase spheroidal particles. The 
homogenization function within DICTRA,[61] which simulates long-range diffusion 
through a multi-phase mixture, was employed with a rule of mixtures (upper Weiner 
bound) to approximate the local kinetics. The composition, operating time, and 
temperature were input as variables to determine the length of the graded region 
necessary to minimize carbon migration from the T22 low-alloy steel to the alloy 800. 
The temperatures studied were 500, 550, 600, and 650˚C, with a simulated operating time 
of 0 to 20 years. A linear composition gradient was used as a first approximation. The 
TCFE5 and MOB2 databases were used. 
7.4 RESULTS AND DISCUSSION 
7.4.1 Stress Analysis Results 
 Figure 15 shows the Von Mises stress distribution for a joint of the dimensions 
shown for the DMW in Figure 14, but with uniform material of T22 steel. As with all the 
stress analyses, the joint was assumed to be stress free at 0˚C. In Figure 15 the stress 
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distribution is shown when the temperature is raised to 650˚C and a 20,000 N tensile load 
is applied. The maximum stress shown in Figure 15 is 36 MPa.  This stress is slightly 
higher than the stresses obtained by simply dividing the total load (20,000 N) by the cross 
sectional areas of the two tubes: 32.4 MPa for the thinner walled section and 16.0 MPa 
for the thicker walled section. The slight increase is due to the tapered geometry of the 
joint.  
 Figure 16 shows the stress distribution in the DMW. Note that high Von Mises 
stresses form immediately around the dissimilar material interfaces and reach a maximum 
value of ~ 240 MPa. As previously described, it is well known that DMWs fail at the 
fusion line between the ferritic and austenitic alloys. The FE results shown in Figure 16 
are consistent with these observations, since the stress is highest at this location.  
 Figure 17 shows the stress distribution obtained when the load is gradually 
increased to 20,000 N while holding the temperature fixed at 20˚C. Figure 18 shows the 
opposite case in which the temperature is gradually increased to 650˚C while no load is 
applied. The maximum stress is only ~ 33 MPa with the application of just the load. In 
contrast, the maximum stress due to CTE mismatch caused by the increased temperature 
is nearly 240 MPa, which is similar to the effects from the combined load and 
temperature increase that was shown in Figure 16. This result highlights the significance 
of CTE mismatch in producing high local stresses in DMWs.  
 The stress concentrations exhibited in Figure 17 occur due to changes in material 
properties and geometry. The pertinent materials properties are Young’s modulus (E) and 
Poisson’s ratio. A homogeneous tube of uniform cross section (A) loaded by a tensile 
force (F) will experience a stress (σy) in the axial direction (y-direction) given simply by 
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The axial stress will generate an axial strain (εy) along the y-direction that is given by 
 
The elongation along the length of the joint is not of particular interest for this 
application. However, the transverse strain (εx) is very important, as two different 
materials will tend to contract differently. Poisson’s ratio ( ) defines the relationship 
between axial strain and transverse strain in a given material,  
 
In this case, the low-alloy steel (AS) has a Poisson’s ratio of 0.29 while the stainless steel 
(SS) has a Poisson’s ratio of 0.27. By combining the above equations it is apparent that 
Poisson’s ratio and the modulus of elasticity of each material determine whether they will 
contract by the same or different amounts. If  
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then the two materials will try to contract different amounts and stress concentrations 
occur. Similar to the thermal effects outlined above, the difference in expansion between 
the two materials can only be taken up by each imparting a force on the other, generating 
additional stress. These differences, in combination with changes in geometry, produce 
the stresses shown in Figure 17.  
 Figure 19 shows the stress distribution for several graded transitions with various 
numbers of layers in the joint. The total length of the joint is fixed at 120 mm. Thus, the 
individual layer width is given simply by the total joint length (120 mm) divided by the 
 35 
number of layers in the joint. Note that the maximum stress within the graded joint 
decreases as the number of layers increases. Figure 20 plots the maximum Von Mises 
stress as a function of the number of layers within the joint. There is a significant 
reduction in stress down to ~ 50 MPa relative to ~ 240 MPa for the DMW joint exposed 
to the same conditions (650˚C, 20,000 N tensile load).  These results are also significant 
in that most of the stress reduction occurs when the number of layers is increased to ~ 30, 
with very little improvement observed for additional layers.  
 It is possible to provide further reductions in stress level by locally increasing the 
wall thickness in high stress locations.  This can be done by allowing the width of each 
layer to also vary within Optrix, which effectively represents a local increase in wall 
thickness.  The result of this optimization is shown in Figure 21 and further minimizes 
the stress to ~ 40 MPa, which is close to the materially homogenous joint (Figure 15) of ~ 
36 MPa. Also note that the high stress levels are distributed throughout the joint along its 
length, rather than confined to small concentrated areas.  
7.4.2 Carbon Diffusion Modeling Results 
 The chemical potential of carbon as a function of position in the graded joint is 
shown in Figure 22. The results shown are for a transition joint that is graded between 
T22 ferritic steel, alloy 800, and 347H stainless steel, with a linear composition gradient. 
The chemical potential gradient controls the rate of carbon migration. By reducing this 
gradient, carbon migration can be reduced, thus minimizing the undesirable 
microstructural changes that lead to the formation of a creep-susceptible microstructure. 
The results demonstrate that the largest gradient in the chemical potential is between T22 
and alloy 800, indicating that the focus should be on minimizing the gradient in this 
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region of the joint. Because there is no significant gradient between alloy 800 and 347 
(due to the similar Cr contents), this region is not as significant.  
 It is known that the Cr content has a strong effect on the carbon chemical 
potential gradient.[2,4,12,15,16] Thus, the simulation was repeated with a hypothetical Cr 
content of 10% in the alloy 800 in attempt to reduce the chemical potential gradient. As 
seen in the top curve in Figure 22 the gradient between T22 and Alloy 800 is reduced 
significantly for the lower Cr composition. A new gradient develops between the alloy 
800 and 347 stainless steel due to the large differences in Cr content. However, this 
should not pose a problem since this area represents a transition between two austenitic 
alloys, and these alloys are commonly joined without problems of premature failure. 
These results demonstrate that Cr has a major effect on the carbon chemical potential 
gradient, and controlling the Cr content could be one possible solution for reducing 
carbon migration in DMWs and graded joints.  
 The T22/alloy 800 interface exhibits the steepest carbon chemical potential 
gradient and is therefore most susceptible to carbon migration. This result is consistent 
with that observed in practice, where carbon diffusion is most rapid across the 
T22/austenitic filler metal fusion line, and this is the region where failure 
occurs.[4,7,12,15,16,26] Thus, this area was considered for the kinetic calculations. In order to 
determine a baseline for comparison, a simulation was run for T22 (left side) to alloy 800 
(right side) with a linear composition gradient. The operating temperature of 500˚C and 
exposure times of 2 and 20 years were implemented as variables to simulate carbon 
migration over a distance of 1 mm, which is representative of a traditional DMW. The 
results, in Figure 23, show that after 20 years at 500˚C, the carbon content of the T22 
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drops from 0.12wt% to less than 0.04wt%. In addition, in Figure 23a there is a spike in 
carbon content at ~ 0.3 mm with the carbon concentration increasing from ~  0.115wt% 
to ~  0.135wt% in the intermediate section of the weld. This carbon peak corresponds to a 
peak in the M23C6 mol fraction plot in Figure 23b. This trend is consistent with that 
observed in practice, where a carbon-depleted region forms along the fusion line in the 
ferritic material and a carbon-enriched band of carbides forms along the fusion line in the 
austenitic material.[7,13,14,26] The plot in Figure 23c shows the relative amounts of BCC, 
FCC, and sigma phases across the joint. As expected, the T22 composition on the left end 
is almost 100% BCC. The FCC phase starts to form at a distance of ~ 0.25 mm and 
increases until ~ 0.7 mm, at which point sigma phase starts to form, leading to a final 
0.90 FCC + 0.10 sigma microstructure in the alloy 800 on the right side of the joint. The 
phase fraction and carbide plots are representative of what was seen for all of the graded 
joint simulations. 
 Figure 24 shows the carbon concentration profile for a transition joint that is 
graded between T22 ferritic steel and alloy 800. Figure 24a shows results for a 5 mm 
joint length in which there is significant carbon migration at 500˚C after 20 years. The 
carbon content decreases from 0.12 wt% to less than 0.09 wt% in the T22 material. Most 
importantly, Figure 24b shows that increasing the joint length to 25 mm significantly 
minimizes carbon migration. This is attributed to the reduced carbon chemical potential 
that occurs with the larger grade length.   
 As the temperature increases, a corresponding increase in carbon diffusion should 
be observed. This is demonstrated in Figure 25a where a 25 mm grade length is no longer 
sufficient to prevent carbon migration when the temperature is increased to 550˚C. As 
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shown in Figure 25b the joint length must be increased to 100 mm to reduce carbon 
migration. Results for simulations conducted at 600 and 650˚C (Figure 26 and Figure 27) 
exhibit similar trends, where the required joint length to minimize carbon migration 
increases to a total length of 200 mm for 600˚C and 500 mm at 650˚C. For joints of at 
least 500 mm, no carbon-depleted zone forms, and the carbon enriched region is smaller 
and is enriched to a lower overall composition. Additionally, the fraction of sigma phase 
present on the alloy 800 side of the joints continues to decrease from 0.1 down to ~0.01 
with increasing temperature.  
The kinetic results are summarized in Figure 28, where the transition length 
required to reduce carbon migration to less than ten percent for a given temperature is 
shown. Many joints made between ferritic steels and austenitic alloys are made within an 
operating temperature of ~ 500˚C, which is set by the safe operating temperature for the 
ferritic steel. For this temperature, a joint length of ~ 100 mm significantly reduces the 
carbon migration problem. Recall that the FE model results demonstrated a grade of 
similar length (~ 120 mm) is also sufficient for reducing high localized stresses due to 
CTE mismatch. 
7.5 Conclusions  
 Models have been developed for designing and optimizing functionally graded 
transition joints based on minimization of mechanical stresses and carbon diffusion. From 
this research, the results demonstrate the following conclusions: 
1. In traditional DMWs, sharp gradients in composition, microstructure, and 
properties exist which may lead to premature failure. Elongating these sharp 
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gradients using a graded joint approach may increase ferritic-austenitic alloy joint 
lifetimes. 
2. A 120 mm graded joint using a layered approach can reduce stress levels from 
243 MPa to ~ 40 MPa compared to a DMW. Additionally, it is the stresses due to 
CTE mismatch between the dissimilar materials, and not the applied tensile loads, 
that result in the highest stresses in the joints; the CTE stresses can be as high as ~ 
240 MPa compared to only ~ 30 MPa for the tensile loads. Further optimization 
of joint geometry can reduce the stress levels even further.  
3. Thermo-calc models show that the carbon chemical potential gradient is steepest 
between the T22 to Alloy 800 materials, providing the greatest driving force for 
carbon migration in this region. Chromium was shown to play a crucial role in the 
chemical potential gradient, which ultimately controls the carbon diffusion.  
4. Results from DICTRA kinetic models, which match what is seen in service, 
demonstrate that carbon migration occurs at temperatures of 500˚C, and continues 
to increase with increasing temperature.  
5. For a 500˚C operating temperature, which is typical of most powerplants, a 100 
mm joint was shown to reduce carbon migration to less than 10% after 20 years of 
simulated service. This joint length closely matches the joint length of 120 mm 
that was shown by FE models to significantly reduce the stress levels.  
6. If the joint length is increased beyond 500 mm, a significant reduction in carbon 
migration can be produced for all temperatures studied.  
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These results are used to design and fabricate transition joints to replace failure-prone 
dissimilar metal welds in the power generation industry. The fabrication and 
characterization of these joints is described in the next chapter. 
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8 CHAPTER 3: FABRICATION AND CHARACTERIZATION OF 
FUNCTIONALLY GRADED TRANSITION JOINTS 
8.1 Abstract  
 Functionally graded materials have potential for joining dissimilar materials in 
many applications. In the previous paper chapter, the authors reported on the design and 
modeling of graded joints by finite element, thermodynamic, and kinetic methods. In this 
work, those models are applied in fabricating graded transition joints for joining ferritic 
and austenitic alloys. A gas-tungsten arc welding system employing dual wire feeders 
was used to construct T22-800, T22-347, and T22-IN82 joints. All three joint 
combinations were characterized to determine compositional variation, microhardness 
profile, and microstructure evolution. Additionally, tensile tests were performed to 
evaluate the high temperature mechanical properties of the joints. In all cases, a smooth 
transition in composition was achieved over ~ 50 mm, an increase of three orders of 
magnitude relative to traditional dissimilar metal welds  (DMWs). Hardness peaks were 
observed in all joints, corresponding to the formation of martensite, as predicted by the 
Schaeffler diagram and confirmed through light optical microscopy. Tensile testing 
revealed that graded joints exhibit mechanical properties that closely match the nominal 
alloys between 20 – 650˚C. Tensile failure occurred in the section of the joint with the 
lowest tensile stress, which was seen to vary with temperature for T22-347 joints. In the 
case of T22-800 joints, solidification cracking in the austenite region was observed, and 
thus use of this joint combination is not recommended. Future work includes long-term 
creep testing to evaluate the service life of the graded joints compared to DMWs. These 
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results are useful for fabricating optimized graded transition joints to replace failure-
prone DMWs in the power generation industry.  
8.2 Introduction  
 Dissimilar metal welds (DMWs) between ferritic low-alloy steels and austenitic 
alloys are commonly found in fossil-fired and nuclear power plants. The less expensive 
low-alloy steels are used in the low temperature regions of the plant, but the higher 
temperatures in the superheater regions require the superior corrosion resistance and 
greater creep strength of more expensive austenitic alloys. In a typical power plant, there 
can be thousands of DMWs, which are frequently cycled between room temperature and 
650˚C.[2] The DMWs are prone to premature failure due to differences in chemistry, 
thermal expansion, and creep strength between the two alloys.[2,3] Premature failure of 
these DMWs  can result in forced plant outages which can cost a power company 
$250,000 - $850,000 per day in lost revenue.[5] The failures occur from simultaneous 
metallurgical and mechanical factors, including development of strength gradients during 
both welding and service, formation of a weak carbon-depleted zone from carbon 
migration, and concentration of stress from thermal cycling  that causes accelerated creep 
failure.  
 The microstructure of DMWs in the as-welded condition consists of a sharp 
chemical concentration gradient across the fusion line that separates the ferritic and 
austenitic alloys. During fusion welding, the combination of the high alloy content of the 
austenitic filler metal and fast cooling rate produce a hard martensite band along the 
fusion line.[3,10,11]  High temperatures encountered during either post-weld heat treatment 
(PWHT) or service provide the activation energy for carbon diffusion to occur down the 
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chemical potential gradient from the ferritic steel toward the austenitic alloy.[2,12-17]  This 
can lead to formation of a soft carbon denuded zone near the interface on the ferritic 
steel, and nucleation and growth of carbides on the austenitic side that have very high 
hardness. These large differences in microstructure and hardness occur over very short 
distances across the fusion line (~ 50 – 100 µm).[3,4,12]  A band of carbides also forms 
along the fusion line in the ferritic side of the joint.[14] The difference in hardness across 
the fusion line increases with increasing aging time due to nucleation and growth of the 
interfacial carbides.[12] At the same time, stresses develop in the DMW from the 
differences in creep strength[18-20] and thermal expansion coefficients of the steels.[8,21] As 
a consequence of the hardness and strength gradients, these stresses are concentrated in 
the weak carbon-depleted zone, generating creep voids around carbides that lead to 
eventual creep rupture. [7,8] 
 Several different approaches have been taken to extend the service life of DMWs. 
Using austenitic Ni-based filler metal reduces the CTE mismatch between the austenitic 
and ferritic steels. Due to the low solubility and low diffusivity of carbon in Ni-base 
alloys, carbon migration is reduced over the service life of the weld.[12,15,29,36,37] The Ni 
filler metals can improve the weld lifetime by a factor of five compared to austenitic filler 
metals.[36] However, the same trends have been observed[2] in the cracking of stainless 
steel and Ni-based filler metal welds: cracking begins at the oxide notch, leading to 
intergranular microcracks which propagate in the ferritic steel along the fusion line. The 
crack orientation indicates that the CTE and creep resistance mismatch are still problems 
even when using the Ni-base filler metal.[9] 
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 Another approach is separating the carbon and stainless steels with a material of 
intermediate thermal expansion or creep strength, known as a trimetallic joint. Several 
nickel base alloys, notably Inco Alloy 800/800H, have a CTE intermediate between the 
two steels and appear to be suitable candidates. Studies on trimetallic joints[9,29,32] have 
shown a four-fold increase in the lifetime and a 38% reduction in stress compared to a 
traditional DMW. Unfortunately, however, the microstructural and property differences 
between the three alloys still result in conditions that can lead to premature failure. 
 Building on the idea of the trimetallic joint, graded joints would replace the spool 
piece of a single composition with a component whose composition varies continuously 
along its length. The graded joint smoothly transitions from the ferritic steel composition 
to the stainless steel composition, allowing two similar welds to replace the one 
dissimilar weld. By continuously grading the composition, the sharp changes in both 
composition and properties of traditional DMWs would be extended over the whole 
length of the component, eliminating many of the factors leading to premature failure. 
 Functionally graded steels have been produced by a number of different research 
groups. Mohandesi et al.[47,48] have used transport processes, specifically diffusion of 
alloying elements, to produce functionally graded steels with layers of ferrite, austenite, 
bainite, and martensite. Coco et al.[49] created graded Fe-C and Fe-Mn-C steels by partial 
decarburization. While these techniques appear to work well for low-alloy and carbon 
steels, compositional control of high alloy steels and other alloys requires other methods. 
A preliminary study by Farren, DuPont, and Noecker[54] demonstrated that a FGM which 
transitioned from carbon to stainless steel could be built by the Laser Engineered Net 
Shaping (LENS) process. The FGM component exhibited a gradual change in 
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microstructure and hardness, indicating that the sharp gradients in DMWs can be 
eliminated.  
  In the previous chapter, the authors describe the development of finite element 
(FE), thermodynamic, and kinetic models to study the stresses and carbon migration in 
both traditional DMWs and graded transition joints. Results from the FE simulations of a 
conventional DMW demonstrate that localized stresses as high as ~ 240 MPa can exist at 
650˚C. The high local stress was due primarily to CTE mismatch between the ferritic and 
austenitic alloys. The use of graded joints significantly reduced these local stresses to ~ 
40 MPa for a 120 mm grade length that consists of at least 30 layers within the transition 
zone. Thermo-Calc model results of the chemical potential of carbon in a T22-Alloy 800-
347 graded transition show that the chemical potential gradient is steepest between the 
T22 and Alloy 800, and is due to the large differences in chromium content between the 
two materials. Results from kinetic simulations demonstrate that a 25 mm grade length 
should significantly reduce carbon migration at 500˚C. Higher operating temperatures 
will require increased joint lengths up to 500 mm to provide similar reductions in carbon 
migration.  
 The model results were applied in fabricating graded transition joints with 50 
layers (~ 50 mm) in the transition region using a novel arc welding process. This chapter 
describes the fabrication, testing, and characterization of these graded joints with a 
smooth transition in composition, microstructure, and properties that can be used for 
joining ferritic alloys to austenitic alloys. After fabrication, the transition joints were 
characterized by optical and electron microscopy, as well as hardness and tensile testing. 
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Future applications of the graded joints are joining ferritic and austenitic alloys in the 
power generation industry. 
8.3 Procedure 
 Three types of graded transition joints were fabricated: T22 steel-to-IN82, T22 
steel-to-IN800, and T22 steel-to-347 stainless steel.  These combinations were selected 
based on previous experience and their use in fossil fired power plants. Most DMWs are 
currently welded with IN82 filler metal, and IN800 is often used as an intermediate 
section between ferritic and austenitic steels to reduce the CTE mismatch.  The T22 - 347 
grade was explored to understand the behavior of a direct transition between a ferritic and 
austenitic steel. The joints were fabricated using a gas-tungsten arc welding (GTAW) 
process using dual wire feeders. All wire compositions are listed in Table 2 below. The 
diameter of all wires was 0.035” (0.9 mm). A ¼” by 3” by 24” (6.35 mm by 76.2 mm by 
610 mm) plate of T22 (2.25Cr-1Mo) steel (composition provided in Table 2) was 
clamped between two copper plates that had internal water-cooled channels. Weld metal 
was deposited onto the edge of the T22 plate, and after each subsequent weld pass the 
copper plates were raised to ensure repeatable welds were made for each layer. The total 
feed rate of the two wires was maintained at a constant 50 inches per minute (ipm), but 
each individual wire speed was varied with each new layer to adjust the composition and 
make the grade. Thus, the first pass was deposited with the T22 and austenitic wire feed 
rates at 49 and 1ipm, respectively. The second layer was deposited with the T22 filler 
metal at 48ipm and austenitic filler metal at 2ipm. These changes continued until 50 
layers were deposited, with each layer ~ 1 mm thick.  Once the grade was complete, two 
inches of additional “pure” austenitic material was deposited so that tensile bars could be 
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machined with the entire grade contained in the gage length. A wire brush and ethanol 
were used to clean each weld pass after cooling. The welding parameters were a travel 
speed of 1 mm/s, a total wire feed rate of 50ipm (1.27 meters/min), a current of 250amps, 
a voltage of 13±1 volt, and an arc gap of ¼” (6.35 mm). 
 All graded joints were examined by radiographic x-ray analysis (Prime NDT 
Services, Whitehall, PA) to detect any cracks or other defects. As shown in Figure 29, 
tensile bars were machined from the plates so that the entire grade was contained in the 
reduced section. Tensile tests were performed (Westmoreland Mechanical Testing and 
Research (WMTR), Youngstown, PA) at 20, 250, 350, 450, 550, and 650˚C in air using 
an extensometer at a strain rate of 0.005 in/in/min (0.127mm/mm/min) through yield and 
then 0.05 to 0.10 in/in/min (1.27 to 2.54 mm/mm/min) to fracture. Two samples were 
tested at each temperature.  
 Additional samples were cut from the graded transition joints and broken tensile 
bars for metallographic analysis. The samples were mounted in cold-setting epoxy, 
ground using SiC papers, and polished using 6 µm and 1 µm diamond and 0.05 µm 
colloidal silica. The T22 half of the grades was etched using 2% Nital for 5-7 seconds. 
The alloy 800 and IN82 were immersion etched with Marble’s reagent for 5-10 seconds, 
while the 347 was electrolytically etched using Lucas’ reagent at 3V for 15 seconds. 
Photomicrographs were recorded using an Olympus BH-2 optical microscope and Pax-It 
software. 
 Microhardness measurements were performed on the graded joints using a Leco 
M400-FT hardness tester with a 10g load, 15-second dwell time, and 50 µm spacing 
between indents. 
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 Energy dispersive x-ray spectroscopy (EDS) composition analysis was conducted 
using a Hitachi 4300 FE scanning electron microscope (SEM) with an EDAX x-ray 
detector. An accelerating voltage of 20kV was used for line scan measurements with a 
100 µm spacing and 20-second dwell time. A set of standards of each material (T22, 347, 
800, IN82) whose composition had been confirmed by wet chemical analysis (IMR Test 
Labs, Lansing, NY) was used for calibration of the EDS measurements. 
8.4 Results and Discussion 
 One of the primary causes of premature failure in traditional DMWs is the sharp 
gradient in the composition, microstructure, and properties between the ferritic and 
austenitic alloys. An example of this for a conventional DMW is shown in Figure 30 as a 
basis for comparison, where EDS composition data is plotted as a function of distance 
across the weld.[54] The primary alloying elements, nickel and chromium, both decrease 
sharply from 12 and 17 weight percent in the stainless steel to < 1 weight percent in the 
ferritic steel. These composition changes occur over a distance of only ~ 90 µm. The 
abrupt compositional changes lead to steep property gradients as well, as seen in the 
microhardness traverse in Figure 30. The hardness increases from 200 Knoop in the 
ferritic steel to a maximum of 600 Knoop in the partially mixed zone before decreasing 
back to 250 Knoop in the stainless steel. This occurs over an even narrower distance of 
only ~ 70 µm.  
 The goal of graded transition joints is to eliminate these sharp composition and 
property gradients. Figure 31 shows microhardness and composition data for a T22-347 
graded joint (in the as-welded condition) as a function of distance. Note the composition 
changes gradually over a distance of ~ 55 mm, compared to ~ 100 µm for conventional 
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DMWs. Due to the mixing that occurs in the melt pool, all of the primary alloying 
elements are evenly distributed, and the composition changes smoothly without any 
abrupt changes. The microhardness data also show that the sharp changes in hardness 
have been elongated over a much greater distance compared to the traditional DMW. In 
order to better understand what causes the hardness peak at ~ 10-30 mm, the composition 
data was converted to chromium and nickel equivalents and plotted on the Schaeffler 
diagram[62] as seen in Figure 32 (composition data for the other grades are also provided 
on this plot). From this diagram, the positions of the phase boundaries were determined 
and added to the microhardness plot in Figure 31. It can clearly be seen that as the 
compositions at ~ 11 mm move into the martensite region, the hardness begins to 
increase from ~ 225HV up to ~ 450HV. The hardness then gradually decreases across the 
martensite region from ~ 400-450HV at 20 mm to ~ 200HV at 55 mm, which is the 
nominal hardness for T22.  
 Similar trends in the composition and microhardness data were found for the T22-
IN82 and T22-800 graded joints as see in Figure 33 and Figure 35, respectively. These 
graded joints also have a gradual change in composition over ~ 50 mm. Light optical 
photomicrographs are provided in Figure 34 for the T22-IN82 joint as an example of the 
microstructures observed in the graded joints. Each photomicrograph corresponds to one 
of the phase fields predicted by the Schaeffler diagram. The microstructure shown for 50 
mm (Figure 34a) consists of tempered martensite, as expected for the T22 end of the 
joint. The photomicrographs at 43 mm (Figure 34b) and 38 mm (Figure 34c) show 
transitions between the austenite + martensite to the single-phase regions on either side of 
the boundaries. Finally, the micrograph from 8 mm (Figure 34d) corresponds to the 
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austenitic microstructure of IN82. Similar microstructures were observed for the T22-347 
and T22-800 joints. The photomicrographs validate the predictions of the Schaeffler 
diagram and the hardness data, which peaks in the two-phase austenite + martensite 
region.  
 Hardness peaks correspond to regions of the joints where the martensite phase is 
stable. However, the width of the martensite region greatly varies for all three joints, 
from ~ 35 mm for the T22-347 to only ~ 10 mm for the T22-IN82. As described by 
DuPont and Kusko[10] this is due to variations in the compositional gradients for each of 
the three alloy combinations. The steepest concentration gradient occurs for the T22-
IN82 joint, where the nickel and chromium contents decrease from 67wt% and 20wt%, 
respectively, in the IN82 down to <1wt% and 2wt% in the T22. This steep concentration 
gradient results in a narrow martensite band, as seen in Figure 33. Conversely, the T22-
347 joint has the smallest gradient in composition, which should lead to a wider 
martensite band, and this is observed in Figure 31. The variation in the width of the 
martensite band is due to the variation in Ms temperature with composition.[10] It is 
known that higher concentrations of alloying elements such as Ni, Cr, Mn, and Mo 
reduce the martensite start temperature (Ms).[63] Thus, for the IN82, the high Ni and Cr 
contents push the Ms well below room temperature, so the austenite phase is stable, while 
the composition range for the T22 (lower Cr and Ni equivalents on the Schaeffler 
diagram) is in the martensite phase field (Figure 32). In the work by DuPont and 
Kusko[10] it was found that the use of a Ni-based filler metal reduced the martensite width 
by a factor of ten, from ~ 35 µm down to ~ 3 µm. In the case of the graded joints, the 
reduction between the 347 stainless steel and IN82 filler metal is not as drastic, with a 
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reduction of only 3.5 times (from ~ 35 mm to 10 mm). This difference is due to the 
significant elongation of the composition gradient for the graded joints compared to the 
dissimilar metal welds. The longer transition distance provides a greater range of 
compositions with low Ni and Cr equivalents which fall into the martensite phase field, 
increasing the minimum width of the martensite region. From Gooch,[64] the following 
equation can be used to estimate the Ms temperature: 
 
From this equation, the Ms temperatures were calculated for all four nominal alloys using 
the data in Table 2, the results of which are shown in Table 3 below. Taking an average 
of the Ms for the two nominal alloys that compose each graded joint, it is obvious that the 
T22-347 joint has the highest average Ms at 386˚C, compared to T22-800 (-573˚C) and 
T22-IN82 (-1747˚C), and it should therefore have the widest martensite region. This is 
confirmed in Figure 31. 
 Ideally, joints with the martensite hardness peak should be avoided as much as 
possible, since it still represents a sharp change in the microstructure and properties, 
although not as sharp as traditional DMWs. Martensite formation cannot be completely 
avoided because of the alloy compositions used by the industry. As seen in the Schaeffler 
diagram in Figure 32 there is a composition range for all three alloy combinations over 
which martensite will be stable, and this is further exacerbated by the high cooling rate of 
fusion welding processes. However, additional layers could be added to this region of the 
joints. These additional layers would serve to further elongate this region and reduce the 
  
! 
Ms(!
!
C) = 540 " [(497wt%C) + (6.3wt%Mn) +
(36.3wt%Ni) + (10.8wt%Cr) + (46.6wt%Mo)]
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sharpness of the hardness peak. Work is currently underway to fabricate joints with these 
additional layers to minimize the effects of martensite formation. 
 Overall, the graded joints exhibit a smooth transition in composition, 
microstructure, and hardness over ~ 50 mm compared to the abrupt changes of a 
traditional DMW, where the composition and microstructure change over only ~ 100 µm. 
The three orders of magnitude difference in the transition length is expected to greatly 
increase the service lifetime of the graded joints for joining ferritic and austenitic steels 
relative to current DMWs. 
 Tensile tests were performed on all three graded joints at 20, 250, 350, 450, 550, 
and 650˚C. In order for the graded joints to be effective in service, they must meet or 
exceed the mechanical properties of the base alloys from which the joints are fabricated. 
The percent elongation, yield strength, and tensile strength data for the T22-347 joint are 
shown in Figure 36. In all three plots, the data points correspond to the graded joints, 
while the lines correspond to the nominal alloy data for each of the end members of the 
joint.[18,19,65-67] A schematic tensile bar shows the failure locations as dotted lines for each 
test temperature, and the phase boundaries based on the variation in composition from the 
Schaeffler diagram are also indicated as solid vertical lines, with a representative 
photomicrograph for each phase field. 
 It can be seen that the ductility and yield strength values for the graded joint in 
Figure 36 fall between the nominal alloy data, while the tensile strength data falls slightly 
below that of the nominal alloys. Although the results from tensile tests of the graded 
joints closely match the nominal alloy data, it is important to note that the graded joints 
consist of as-deposited material, while the nominal alloy data is for materials in the 
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quenched and tempered or annealed condition, which are expected to have higher yield 
and tensile strength and lower percent elongation. Thus it is important to also compare 
these results to other data for the alloys in the welded condition. Table 4 contains data on 
the yield strength, tensile strength, and percent elongation of various DMWs and the 
common alloys that are used in DMWs. 
 From the location of the failures on the schematic tensile bar in Figure 36, it can 
be seen that the 20-450˚C tests all failed in the austenite or austenite + martensite regions 
on the 347 side of the joint, while the 550 and 650˚C tests failed in the martensite region 
in the T22. Based on the nominal alloy data, at temperatures below ~ 530˚C 347 has the 
lower tensile strength, but has a higher tensile strength above this temperature. Therefore, 
the tests run at temperatures of 20-450˚C would be expected to fail on the 347 side of the 
joint due to the lower tensile strength, and that is what is observed. The 550 and 650˚C 
tests failed on the T22 side of the joint, also as expected due to the lower tensile strength 
of T22 at these temperatures.  
 The data in Figure 37 for the T22-IN82 joints demonstrate that this alloy 
combination is slightly below the nominal alloy properties. Both the tensile and yield 
strength data fall below the nominal alloy data. All of the failures occurred on the T22 
side of the joint due to the significantly lower tensile strength at all temperatures 
compared to the IN82. In T22-IN82-304 DMWs studied by Slaughter[68] (Table 4), the 
tensile properties closely match those of the T22-IN82 graded joints, with room 
temperature yield and tensile strength of 298 and 503 MPa for the DMWs compared to ~ 
300 and 490 MPa for the graded joints. Additionally, both the welds and the joints all fail 
in the T22 basemetal. 
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 In general, yielding followed by eventual fracture is expected to occur in the 
weakest region of the joint. However, there are other considerations such as[13]:  
1. Constraint of deformation in a soft region due to a hard neighboring region that 
cannot accommodate the strain. 
2. Work hardening of the soft region resulting in a shift of the fracture from the 
region of initial deformation to another region. 
3. Greater thermal stability and high temperature strength of Ni-base weld metals 
and austenitic stainless steels compared to Cr-Mo steels. 
These other factors can explain the tensile results for the graded joints. Looking at the 
microhardness data (Figure 31 and Figure 33), regions of softer and harder material can 
be observed, with possible constraint between these soft regions and the hardness spikes 
corresponding to hard martensite. For the T22-347 graded (Figure 31), the region from 0-
10 mm, which consists of the austenite phase, has the lowest hardness and based on this 
should be weakest material. The next lowest hardness occurs between 35-55 mm on the 
T22 side in the tempered martensite region. Comparing this to the tensile results, the 20, 
250, and 450˚C failures occur in the 0-10 mm austenite region, as expected based on the 
hardness data. The highest temperature (550 and 650˚C) failures occur in 30-37 mm 
range (area with next lowest hardness) on the T22 side, which has lower high-
temperature stability compared to the 347 stainless steel. 
 In the T22-IN82 graded joints (Figure 33), a hardness dip exists between 30-40 
mm in the austenite region, which has the lowest hardness in the whole sample. This 
occurs next to the hardness spike, which may have led to strain constraint. 0-30 mm is the 
next lowest hardness region, also occurring in the austenite. However, all the tensile 
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failures occur in 50-55 mm range, since T22 has much lower tensile strength and lower 
high-temperature stability compared to IN82. 
The T22-800 graded joint exhibited solidification cracking as shown in the x-ray 
radiographs in Figure 38 and light optical photomicrographs in Figure 39. The cracks are 
concentrated in an area of the x-ray that appears lighter, indicating higher density 
associated with the FCC phase. This light (high density) region extends from 11 to 22 
mm along the tensile bar, as shown schematically in Figure 35 and Figure 40, and occurs 
in the fully austenitic region according to the Schaeffler diagram. Also note that the 
cracks are located along the grain boundaries, which is typical for solidification cracks. It 
is well known that alloys that solidify as primary austenite are more prone to 
solidification cracking.  Thus, direct joints between alloy 800 and T22 should probably 
be avoided in order to avoid this defect. No solidification cracks were observed in the 
T22-IN82 or T22-347 joints. 
Tensile results for the T22-800 graded joint are shown in Figure 40. The percent 
elongation, yield strength, and tensile strength data show similar trends to what was 
observed in Figure 36 for the T22-347 joints. Based on the nominal alloy data, the 20, 
250, 350, and 450˚C tests should fail in the alloy 800-austenite region of the sample, due 
to the lower tensile strength of alloy 800 at temperatures below ~ 520˚C, and the 550 and 
650˚C failures should occur in the T22-martensite region, due to the lower tensile 
strength of the T22 at these temperatures. However, from the marked failure locations it 
can be seen that the failures for tests run between 20 and 450˚C all occurred in the 
martensite over a narrow region of ~ 5 mm, opposite what is expected. The high 
temperature tests, 550 and 650˚C, failed in the austenite near the alloy 800 end, also 
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opposite what was expected. None of the samples failed between 11-22 mm, in the region 
with the solidification cracks, so it appears that the cracking did not significantly 
influence the tensile results. 
 In looking at all of the tensile results for the three different graded joint 
compositions, overall the mechanical properties match the base alloys, making the graded 
joints capable of operating under the required service conditions.   
8.5 Conclusions 
 Functionally graded transition joints were successfully fabricated using a novel 
GTAW process. These graded joints were designed to extend the service life of ferritic - 
austenitic alloy welds for applications in power plants. From this research, the following 
conclusions can be drawn: 
1. In traditional DMWs, sharp gradients in composition, microstructure, and 
properties exist over only ~ 100 µm which may lead to premature failure. 
Elongating these sharp gradients using a graded joint approach may increase 
ferritic-austenitic alloy joint lifetimes. 
2. Graded joints were fabricated using three alloy combinations, T22-800, T22-347, 
T22-IN82, all commercial alloys currently used in the power generation industry. 
3. EDS results for all three joint combinations show a smooth transition in 
composition over ~ 50 mm, an increase of three orders of magnitude relative to 
traditional DMWs. 
4. By converting the composition data to Ni and Cr equivalents, the compositions 
could be plotted on the Schaeffler diagram to predict the phases present in each 
joint. 
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5. Microhardness peaks were observed due to the formation of martensite, 
corresponding to the predictions of the Schaeffler diagram. 
6. Light optical photomicrographs taken along each joint show a variation in the 
microstructure matching the predictions of the Schaeffler diagram. 
7. Tensile tests performed on each joint over the range 20-650˚C show that the 
graded joints closely match the percent elongation, yield strength, and tensile 
strength of the nominal alloys. The percent elongation and yield strength values 
fell at the average of the nominal alloys, while the tensile strength was slightly 
reduced. 
8. For T22-IN82 joints, all tensile failures occurred on the T22 side of the joint due 
to the significantly lower tensile strength of the T22 relative to IN82. 
9. For T22-347 graded joints, all tensile failures occurred in the region with the 
lowest tensile strength, which varied with testing temperature. At temperatures 
below 550˚C, failures occurred on the 347 side, while the two tests above this 
temperature both failed on the T22 side. 
10.  Solidification cracking was observed in the T22-800 joints, and this alloy 
combination is not recommended for further use.  
11.  The tensile results generally correlate to the regions of high and low hardness. 
 Graded joints show promise for replacing traditional DMWs and extending the 
service life of ferritic-austenitic joints for power generation and other industries. Future 
work includes long-term creep tests to simulate service failures and compare the lifetimes 
of graded joints and DMWs. 
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9 TABLES 
Table 1: Nominal compositions (in wt%) of the alloys used in this research. 
 
 
Table 2: Certified compositions of the alloy wires (in wt%) used to construct the graded 
joints. 
 
 
Table 3: Martensite start (Ms) temperatures for each of the nominal alloys. 
 
 
Table 4: Results from tensile tests of DMWs and the nominal alloys from the 
literature.[13,68] 
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10 FIGURES 
 
Figure 1: Schematic diagram of the reheater and superheater regions in a coal fired 
power plant. Arrow indicates position of a failed DMW.[69] 
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Figure 2: a) macroscopic crack growing from bore of weld 2, 75x; b) microscopic 
cavities initiated at interface carbides of weld 1 (2025x).[36] 
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Figure 3: SEM micrographs showing Carbide morphologies observed in dissimilar weld 
during aging. (a) and (b) Type I carbides that form very close to the fusion line in the 
HAZ of the ferritic steel;[29] c) creep cavitation along the row of Type I carbides for 
welds made with Ni base filler metals.[7] 
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Figure 4: Light optical photomicrograph of martensite layer in weld deposited with 309L 
filler metal.[10] 
 
Figure 5: Optical photomicrographs of post-weld heat treated specimens welded with 
stainless steel filler metal a) at the weld interface, showing carbon-denuded zone (200x), 
b) close-up of dark etching area in a.[17] 
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Figure 6: Optical micrograph of boundary between AISI 430 ferritic steel and weld metal 
showing martensite layer (indicated by arrows).[11] 
 
Figure 7: Microhardness trace across interface of 2.25Cr-1Mo and Inco 182 of a 
dissimilar weld between 2.25Cr-1Mo and Alloy 800 with Inco 182 filler metal. PWHT 
results in a significant reduction in the microhardness of the HAZ of the 2.25Cr-1Mo 
material.[12] 
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Figure 8: Photomicrograph of interface between 309L filler metal to 347 stainless steel 
base metal; a) microhardness survey on as-welded sample from, 200x; b) microhardness 
survey after PWHT at 720˚C for 10 hours, 160x.[12]  
 
 
 
 
 
Figure 9: Distribution of carbon in 2.25Cr-1Mo steel HAZ and in the weld metal 
adjacent to the fusion boundary.[8]  
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Figure 10: TEM images of carbides found in DMWs; a) and b) carbides in 2.25Cr-1Mo 
ferritic steel side of DMW;[14] c) and d) carbides in austenitic Alloy 800.[13] 
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Figure 11: Schematic diagram of a trimetallic joint design, where an intermediate alloy 
component (in this case Alloy 800) is welded in between the ferritic and stainless steel 
components. 
 
 
 
Figure 12: Schematic diagram of a graded joint design, where the graded joint smoothly 
transitions from the ferritic steel composition to the stainless steel composition. 
 
 
Figure 13: Schematic diagram of the proposed functionally graded joint design, which 
will transition in composition from 2.25Cr-1Mo ferritic steel to Alloy 800 to 347 stainless 
steel. 
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347 stainless steel T22 low-alloy steel 
a) 
b) 
c) 
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Figure 14 – a) Typical dissimilar metal weld joint, used as the baseline for optimization; 
b) CAD model of the original DMW joint cross utilized for FEA modeling; c) original 
DMW joint shown with pertinent dimensions. 
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Figure 15 – Results from simulation of a uniform tube model with 100% T22 material 
showing the Von Mises stress distribution for a 20,000N applied tensile load at 650˚C. 
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Figure 16 – Results from original DMW joint model showing Von Mises stress 
distribution with 20,000N applied tensile load at 650˚C. 
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Figure 17 – Results from simulation of original DMW joint shown with varying tensile 
loads (0, 4000, 12,000, and 20,000N) applied at 20˚C. 
 72 
 
Figure 18 – Results from simulation of original DMW joint shown at varying 
temperatures (20, 200, 400, and 650˚C), with no tensile load applied.  
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Figure 19 – Results from FEA model of linear grading scheme shown for varying number 
of grade layers with 20,000N applied tensile load at 650˚C. 
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Figure 20 – Plot of the maximum Von Mises stress in a graded joint as a function of the 
number of layers, which illustrates a decrease in maximum stress as the number of layers 
increases. 
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Figure 21 – Results from FEA simulation of a fully optimized joint. A volume reduction of 
50% and stress reduction of 80% were realized when comparing this design to a 
standard dissimilar metal weld joint. 
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Figure 22: Results from Thermo-Calc model of T22-Alloy 800-347H graded transition 
joint with a linear change in composition at 500˚C. Notice steep gradient between T22-
Alloy 800, the region of interest.
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Figure 23: Results from DICTRA simulation in a DMW between T22 and alloy 800 after 
0, 2, and 20 years of simulated service at 500˚C showing a) how the carbon 
concentration changes across the weld, b) the evolution of M23C6 carbides, and c) the 
phase fraction.
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Figure 24: Results from DICTRA simulations of T22-Alloy 800 graded joint at 500˚C; a) 
plot of the carbon concentration profile at 0 and 20 years for a 5mm joint; b) plot of the 
carbon concentration profile at 0 and 20 years for a 25mm joint. 
 
Figure 25: Results from DICTRA simulations of T22-Alloy 800 graded joint at 550˚C; a) 
plot of the carbon concentration profile at 0 and 20 years for a 25mm joint; b) plot of the 
carbon concentration profile at 0 and 20 years for a 100mm joint.
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Figure 26: Results from DICTRA simulations of T22-Alloy 800 graded joint at 600˚C; a) 
plot of the carbon concentration profile at 0 and 20 years for a 100mm joint; b) plot of 
the carbon concentration profile at 0 and 20 years for a 200mm joint. 
 
Figure 27: Results from DICTRA simulations of T22-Alloy 800 graded joint at 650˚C; a) 
plot of the carbon concentration profile at 0 and 20 years for a 100mm joint; b) plot of 
the carbon concentration profile at 0 and 20 years for a 500mm joint.
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Figure 28: Plot showing the length of graded joint required to keep carbon-migration 
below ten percent after 20 years of simulated service for temperatures between 500 – 
650˚C.
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Figure 29: Picture of a T22 plate that had 50 layers of T22-alloy 800 graded material 
added through the GTAW process to create graded joints, which were subsequently 
machined into the tensile bar geometry shown on the right.
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Figure 30: EDS composition trace and hardness trace of traditional DMW demonstrating 
the sharp gradients in composition and properties.[54]
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Figure 31: Plot of EDS and microhardness data as a function of distance for as-welded 
T22-347 graded joint. Vertical lines correspond to phase boundaries from the Schaeffler 
diagram (A – Austenite, F – Ferrite, M – Martensite).
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Figure 32: EDS composition data for each of the three graded joint combinations plotted 
as nickel and chromium equivalents on the Schaeffler diagram, which was used to 
determine the positions of the phase boundaries drawn as dark vertical lines in 
Figure 31.
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Figure 33: Plot of EDS and microhardness data for as-welded T22-IN82 graded joint. 
Vertical lines correspond to phase boundaries from the Schaeffler diagram (A – 
Austenite, M – Martensite). Lettered arrows correspond to locations of 
photomicrographs shown in Figure 34. 
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Figure 34: Representative photomicrographs from the T22-IN82 graded joint. Letters 
correspond to arrows Figure 33; a) Tempered martensite; b) Transition between 
tempered martensite and lathe martensite; c) Transition between martensite and 
austenite; d) Austenite.
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Figure 35: Plot of EDS and microhardness data as a function of distance for as-welded 
T22-800 graded joint. Vertical lines correspond to phase boundaries from the Schaeffler 
diagram (A – Austenite, M – Martensite).
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Figure 36: Plots of percent elongation, yield strength, and tensile strength as a function 
of temperature for FGMs between T22 and 347. The minimum nominal alloy data[19,18,65] 
are shown for comparison. The failure locations for each temperature are shown by the 
dotted lines on the schematic tensile bar above, along with the phase boundaries from the 
Schaeffler diagram and corresponding 20˚C tensile bar microstructures.
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Figure 37: Plots of percent elongation, yield strength, and tensile strength as a function 
of temperature for FGMs between T22 and IN82. The minimum nominal alloy data[70] 
are shown for comparison (except percent elongation data for IN82). All failures 
occurred between the dotted lines on the schematic tensile bar above. Also shown are the 
phase boundaries from the Schaeffler diagram and corresponding 20˚C tensile bar 
microstructures.
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Figure 38: X-ray radiographs of as-welded T22-800 graded joint showing evidence of 
solidification cracking; a) light-colored (more dense) region showing cracks throughout 
that region of the grade; b) close-up view of the cracks.
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Figure 39: Light optical photomicrographs of solidification cracks in T22-800 graded 
joint.
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Figure 40: Plots of percent elongation, yield strength, and tensile strength as a function 
of temperature for FGMs between T22 and alloy 800. The minimum nominal alloy 
data[18,71,66,67] are shown for comparison. The failure locations for each temperature are 
shown by the dotted lines on the schematic tensile bar above, along with the phase 
boundaries from the Schaeffler diagram and corresponding 20˚C tensile bar 
microstructures. 
 
 
 93 
11 REFERENCES 
 
1. Park, J.J. et al. Comparison of creep behavior of 2.25Cr-1.6W/Mod. 9Cr-1Mo 
dissimilar weld joint with each matching filler metal. Advances in fracture and 
strength: Proceedings of the Asia Pacific Conference on Fracture and Strength 2004 
1452-1457(2005). 
2. Campbell, G., Elmer, J. & Gibbs, W. Evaluation of Factors Controlling High 
Temperature Service Life of 2-1/4 Cr - 1 Mo Steel to Austenitic Stainless Steel 
Weldments. Trends in Welding Research in the United States 443-470(1981). 
3. Klueh, R.L. & King, J.F. Austenitic Stainless Steel-Ferritic Steel Welded Joint 
Failures. Welding Journal 302-s-311-s(1982). 
4. Lundin, C.D. Dissimilar Metal Welds- Transition Joints Literature Review. Welding 
Journal 61, 58s-63s(1982). 
5. Dooley, R. & Chang, P. The Current Status of Boiler Tube Failures in Fossil Plants. 
International Conference on Boiler Tube Failures in Fossil Plants, Nashville, TN 
(1997). 
6. Rutherford, J.J. Welding Stainless Steel to Carbon or Low-Alloy Steel. Welding 
Journal 38, 19s-26s(1959). 
7. Parker, J.D. & Stratford, G.C. The high-temperature performance of nickel-based 
transition joints: I. Deformation behaviour. Materials Science and Engineering A 
299, 164-173(2001). 
8. Parker, J.D. High temperature failure of thick-section, low alloy steel to stainless 
steel transition weld. Materials at High Temperatures 12, 25-33(1994). 
9. King, J.F., Sullivan, M.D. & Slaughter, G.M. Development of an Improved Stainless 
Steel to Ferritic Steel Transition Joint. Welding Journal 56, (1977). 
10. DuPont, J. & Kusko, C. Martensite Formation in Austenitic/Ferritic Dissimilar Alloy 
Welds. Welding Journal 54S-57S(2007). 
11. Bala Srinivasan, P. & Satish Kumar, M. Characterisation of thin section dissimilar 
weld joint comprising austenitic and ferritic stainless steels. Materials Science and 
Technology 24, 392-398(2008). 
12. Gittos, M. & Gooch, T. The Interface below Stainless Steel and Nickel-Alloy 
Claddings. Welding Journal 461s-472s(1992). 
13. Sireesha, M., Albert, S.K. & Sundaresan, S. Influence of high-temperature exposure 
on the microstructure and mechanical properties of dissimilar metal welds between 
modified 9Cr-1Mo steel and Alloy 800. Metallurgical and Materials Transactions A 
36A, 1495-1506(2005). 
14. Laha, K. et al. An assessment of creep deformation and fracture behavior of 2.25Cr-
1Mo similar and dissimilar weld joints. Metallurgical and Materials Transactions A 
32, 115-124(2001). 
 94 
15. Eckel, J.F. Diffusion Across Dissimilar Metal Joints. Welding Journal 43, 170s-
178s(1964). 
16. Christoffel, R. & Curran, R. Carbon Migration in Welded Joints at Elevated 
Temperatures. Welding Journal 35, 457s-468s(1956). 
17. Gauzzi, F. & Missori, S. Microstructural transformations in austenitic-ferritic 
transition joints. Journal of Materials Science 23, 782-789(1988). 
18. Data Sheets on the Elevated-Temperature Properties of Quenched and Tempered 
2.25Cr-1Mo Steel Plates for Pressure Vessels (ASTM A542/A542M). 1-3(National 
Research Institute for Metals, Japan: 2003). 
19. Data Sheets on the Elevated-Temperature Properties of 18Cr-12Ni-Nb Stainless Steel 
Tubes for Boilers and Heat Exchangers (SUS 347H TB). 1-3(National Research 
Institute for Metals, Japan: 2001). 
20. Nath, B. Creep rupture and creep crack growth behavior of transition joints. 
International Conference on Welding Technology for Energy Applications 597-
621(1982). 
21. Tucker, J. & Eberle, F. Development of a Ferritic-Austenitic Weld Joint for Steam 
Plant Application. Welding Journal 35, 529S-540S(1956). 
22. Ornath, F. et al. Weld Pool Segregation During the Welding of Low Alloy Steels 
with Austenitic Electrodes. Welding Journal (1981). 
23. Porter, D. & Easterling, K. Phase Transformations in Metals and Alloys. (CRC Press: 
1992). 
24. Darken, L. Diffusion of Carbon in Austenite with a Discontinuity in Composition. 
Transactions of American Institute of Mechanical Engineers 180, 430-438(1949). 
25. Roy, P. & Lauritzen, T. The Relative Strength of Base Metal and Heat-Affected Zone 
in 2.25Cr-1Mo Weldments- A Microstructural Evaluation. Welding Journal 45S-
47S(1986). 
26. Parker, J.D. & Stratford, G.C. The high-temperature performance of nickel-based 
transition joints: II. Fracture behaviour. Materials Science and Engineering A 299, 
174-184(2001). 
27. R. Ryder et al. Dissimilar Metal Weld Failures in Power Plants - Causes and 
Remedies. Trends in Electric Utility Research (1984). 
28. Roberts, D., Ryder, R. & Viswanathan, R. Performance of Dissimilar Welds in 
Service. Journal of Pressure Vessel Technology 107, 247-254(1985). 
29. Parker, J. & Stratford, G. Review of factors affecting condition assessment of nickel 
based transition joints. Science and Technology of Welding & Joining 4, 29-39(1999). 
30. Race, J.M. & Bhadeshia, H. Carbon Migration Across Dissimilar Steel Welds. 
International Trends in Welding Science and Technology 1-5(1993). 
31. Albert, S.K. et al. Soft zone formation in dissimilar welds between two Cr-Mo steels. 
Welding Journal 76, 135s-142s(1997). 
 95 
32. Bhaduri, A.K. et al. Performance of a trimetallic transition joint. Materials at High 
Temperatures 10, 45-50(1992). 
33. Data Sheets on the Elevated-Temperature Properties of 18Cr-12Ni-Nb Stainless Steel 
Tubes for Boilers and Heat Exchangers (SUS 347H TB). (National Research Institute 
for Metals, Japan: 2001). 
34. Data Sheets on the Elevated-Temperature Properties of Quenched and Tempered 
2.25Cr-1Mo Steel Plates for Pressure Vessels (ASTM A542/A542M). (National 
Research Institute for Metals, Japan: 2003). 
1. DuPont, J. Review of Dissimilar Metal Welding for the NGNP Helical Coil Steam 
Generator Prepared for Idaho National Laboratory. (Lehigh University: Bethlehem, 
PA, 2010). 
1. Williams, J.A. & Parker, J.D. Effect of thermal cycling on creep behavior of 2.25Cr-
1Mo/type 316 steel dissimilar metal welds. Materials Science and Technology 10, 
915-923(1994). 
37. Jones, W. Heat Treatment Effect on 2CrMo Joints Welded with a Nickel-Base 
Electrode. Welding Journal 225s-231s(1974). 
38. Mortensen, A. & Suresh, S. Functionally graded materials and metal-ceramic 
composites: Part 1 Processing. International Materials Reviews 40, 239-265(1995). 
39. Liu, W. & DuPont, J.N. Fabrication of functionally graded TiC/Ti composites by 
Laser Engineered Net Shaping. Scripta Materialia 48, 1337–1342(2003). 
40. Markworth, A.J., Ramesh, K. & Parks, W. Review: Modelling studies applied to 
functionally graded materials. Journal of Materials Science 30, 2183-2193(1995). 
41. Suresh, S. Modeling and design of multi-layered and graded materials. Progress in 
Materials Science 42, 243-251(1997). 
42. Kieback, B., Neubrand, A. & Riedel, H. Processing techniques for functionally 
graded materials. Materials Science and Engineering A 362, 81-106(2003). 
43. Cho, J.R. & Oden, J.T. Functionally graded material: a parametric study on thermal-
stress characteristics using the Crank-Nicolson-Galerkin scheme. Computer methods 
in applied mechanics and engineering 188, 17-38(2000). 
44. Ilschner, B. Processing-microstructure-property relationships in graded materials. 
Journal of the Mechanics and Physics of Solids 44, 647-653(1996). 
45. Markworth, A.J. & Saunders, J.H. A model of structure optimization for a 
functionally graded material. Materials Letters 22, 103-107(1995). 
46. Suresh, S. & Mortensen, A. Functionally graded metals and metal-ceramic 
composites: Part 2 Thermomechanical behavior. International Materials Reviews 42, 
85-116(1997). 
47. Mohandesi, J.A. & M. H Shahosseine Transformation Characteristics of Functionally 
Graded Steels Produced by Electroslag Remelting. Metallurgical and Materials 
Transactions A 36A, 3471-3476(2005). 
 96 
48. Mohandesi, J.A., M. H Shahosseinie & Namin, R.P. Tensile behavior of functionally 
graded steels produced by electroslag remelting. Metallurgical and Materials 
Transactions A 37A, 2125-2132(2006). 
49. Coco, L. et al. The mechanical response of compositionally graded materials. 
Materials Science and Engineering: A 483-484, 266-269(2008). 
50. Lin, X. et al. Laser rapid forming of SS316L/Rene88DT graded material. Materials 
Science and Engineering A 391, 325-336(2005). 
51. Lin, X. et al. Solidification Behavior and the Evolution of Phase in Laser Rapid 
Forming of Graded Ti6Al4V-Rene88DT Alloy. Metallurgical and Materials 
Transactions A 38, 127-137(2007). 
52. Domack, M.S. & Baughman, J.M. Development of nickel-titanium graded 
composition components. Rapid Prototyping Journal 11, 41-51(2005). 
53. Collins, P.C. et al. Laser deposition of compositionally graded titanium-vanadium 
and titanium-molybdenum alloys. Materials Science and Engineering A 352, 118-
128(2003). 
54. Farren, J.D., DuPont, J.N. & Noecker, F. Fabrication of a carbon steel-to-stainless 
steel transition joint using direct laser deposition- A feasibility study. Welding 
Journal 55S-61S(2007). 
55. Brentrup, G. et al. Preventing Dissimilar Metal Weld Failures: Application of New 
Functionally Graded Transition Joints. Proceedings of Materials Science and 
Technology 2009 2554-2562(2009). 
56. Snowden, B. Dissimilar Metal Joint Optimization. (2010). 
57. Thermo-Calc. (Thermo-Calc, Inc.: Stockholm, Sweden,). 
58. DICTRA. (Thermo-Calc, Inc.: Stockholm, Sweden,). 
59. Engström, A., Höglund, L. & Ågren, J. Computer simulation of diffusion in 
multiphase systems. Metallurgical and Materials Transactions A 25, 1127-
1134(1994). 
60. Helander, T., Agren, J. & Nilsson, J. An Experimental and Theoretical Investigation 
of Diffusion across a Joint of Two Multicomponent Steels. ISIJ International 37, 
1139-1145(1997). 
61. Larsson, H. & Engström, A. A homogenization approach to diffusion simulations 
applied to [alpha] + [gamma] Fe-Cr-Ni diffusion couples. Acta Materialia 54, 2431-
2439(2006). 
62. Scheaffler, A. Constitution diagram for stainless steel weld metal. Metal Progress 56, 
680(1949). 
63. Grange, R. & Stewart, H.Trans. AIME 167, 467-490(1946). 
64. Gooch, T.Welding Institute Research Bulletin 18, 343-349(1977). 
 97 
65. Data Sheets on the Elevated-Temperature Properties of 18Cr-10Ni-Nb Stainless Steel 
Tube for Boilers and Heat Exchangers (ASME SA-213/SA-213M Grade TP347HFG). 
1-2(National Research Institute for Metals, Japan: 2010). 
66. Data Sheets on the Elevated-Temperature Properties of Iron Based 21Cr-32Ni-Ti-Al 
Alloy for Heat Exchanger Seamless Tubes (NCF 800H TB). 1-2(National Research 
Institute for Metals, Japan: 1998). 
67. Data Sheets on the Elevated-Temperature Properties of Iron Based 21Cr-32Ni-Ti-Al 
Superalloy for Corrosion-resisting and Heat-resisting Superalloy Plates (NCF 800H-
P). 1-2(National Research Institute for Metals, Japan: 2000). 
68. Slaughter, G.M. & Housley, T. The Welding of Ferritic Steels to Austenitic Stainless 
Steels. Welding Journal 43, 454s-460s(1964). 
69. French, S. Failure Analysis of a Ruptured Final Reheater Tube, Montour #1. (PPL 
Corp.: 2001). 
70. Klueh, R.L. & King, J.F. Elevated-Temperature Tensile and Creep-Rupture Behavior 
of Alloy 800H/ERNiCr-3 Weld Metal/2.25Cr-1Mo Steel Dissimilar-Metal Weldments. 
(Oak Ridge National Laboratory: Oak Ridge, TN, USA, 1982). 
71. Data Sheets on the Elevated-Temperature Stress Relaxation Properties of Iron Based 
21Cr-32Ni-Ti-Al Alloy for Corrosion-resisting and Heat-resisting Superalloy Bar 
(NCF 800H-B). 1-2(National Research Institute for Metals, Japan: 1999). 
 98 
12 VITA 
Gregory J. Brentrup was born in Boston, Massachusetts on June 18, 1986 to Robert and 
Maureen Brentrup. At the age of three, Gregory moved with his parents and two younger 
sisters to Hanover, New Hampshire where they currently reside. Gregory attended the 
Bernice A. Ray Elementary School, Frances C. Richmond Middle School, and Hanover 
High School, from which he graduated with Honors in June 2004. In August 2004, 
Gregory enrolled at Lehigh University in Bethlehem, Pennsylvania to pursue a Bachelor 
of Science degree in Materials Science and Engineering. He graduated with High Honors 
in May 2008, and elected to remain at Lehigh University to pursue a graduate degree with 
the Engineering Metallurgy Group advised by Prof. John DuPont in the Department of 
Materials Science and Engineering. After three years of research, coursework, and 
teaching, Gregory graduated with a Master of Science in Materials Science and 
Engineering degree from Lehigh University in May 2011. He will begin a job as a 
research engineer with W.L. Gore and Associates in June 2011. 
